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PREFACE 

This  text  has  been  in  process  of  growth  at  the  University 
of  Chicago  since  1913.  At  that  time  a  :.ynopsis  of  the  first 
nine  chapters  was  printed.  This  was  followed,  in  1916-17,  by  the 
conipleled  work  of  the  first  fifteen  chapters.  Chapters  xvi-xix 
were  added  and  used  in  class  work,  during  1918  and  19 19. 

The  book  has  been  written  for  college  Freshmen,  and,  as  its 
title  LmpUes,  it  is  intended  to  serve  as  an  introduction  to  general 
chemistry.  In  consequence  we  have  aimed  to  present  a  contin- 
uous and  connected  story  in  teachable  form  and  have  not 
attempted  to  give  extensive  descriptive  and  numerical  data 
tthae  such  matter  is  of  little  interest  to  the  student  or  is  not 
laeedftl  for  the  development  of  important  principles. 

Inasmuch  as  the  choice  and  arrangement  of  topics  in  the 
r  part  of  this  book  depart  noticeably  from  the  familiar 
■,  some  explanation  seems  necessary.  We  shall  therefore 
brieOy  the  plan  of  the  less  conventional  chapters, 
ther  with  the  "philosophy  of  arrangement"  which  has 
Milted  in  the  scheme  presented. 

The  first  chapter,  which  is  brief,  deals  with  the  measurement 
■laaes  and  the  gas  laws.  In  the  next  five  chapters  the  most 
mental  concepts  of  the  science  of  chemistry  are  developed. 
e  include:  indestructibility  of  matter,  idea  of  a  pure  sub- 
ce,  decomposition  of  pure  substances,  elements,  analysis  of 
"Stances  and   percentage  composition,   the   law   of   definite 

isition,  derivation  of  formulae. 
1  Chapter  v  shows  how  chemical  formulae  are  derived  from  a 
Ige  of  percentage  composition  and  gas  or  vapor  density. 
B  development  keeps  as  close  as  possible  to  the  arguments 
BAvogadro  and  Cannizzaro  and  shows  how  formulae  are  ob- 
d  by  methods  independent  of  the  atomic-molecular  hypolh- 
Reference,  at  this  stage,  to  combining  weights  and 
itiical  equivalents  is  purposely  avoided,  for  the  reason  that 
6  hbtory  of  chemistry  between  the  time  of  Avogadro  and 
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that  of  the  epoch-making  paper  of  Cannizzaro  (1858)  shows 
the  fallacy  of  trying  to  develop  formulae  and  fix  atomic 
(symbol)  weights  by  any  method  other  than  that  proposed  by 
Avogadro  and  elucidated  by  Cannizzaro.  The  sixth  chapter 
introduces  the  use  of  equations  before  the  atomic-molecular 
hypothesis  is  studied.  This  plan  has  the  great  advantage  of 
firing  in  the  studeat's  mind  the  fundamental  relationship 
between  equations  and  the  quantitative  experimental  data 
such  equations  represent. 

Chapters  ii  to  vi  inclusive  form  a  compact  division  of  the 
subject,  in  which  the  argimaent,  illustrated  at  every  step  by 
experimental  data,  is  substantiaUy  continuous.  In  these  chap- 
ters we  have  aimed  at  a  logical  development  of  the  subject 
without  the  introduction  of  any  matter  that  does  not  serve  to 
illustrate  the  topics  under  discussion. 

The  next  three  chapters,  vii,  "Acids,  Bases^  and  Salts — I''; 
viii,  "Water  and  Solutions'*;  and  ix,  "Acids,  Bases,  and  Salts — 
II, "  are  introduced  at  this  point  for  very  definite  reasons.  In 
the  first  place,  it  is  obvious  to  every  teacher  that  much  of  the 
beginner's  work  will  deal  with  acids,  bases,  and  salts  and  their 
solutions.  It  is  our  opinion  that  a  knowledge  of  these  topics 
is  best  obtained  by  studying  them  directly  and  specifically, 
both  in  the  classroom  and  in  the  laboratory.  Our  plan  provides 
for  laboratory  work  by  the  student,  following  closely  the  content 
of  these  three  chapters.  This  laboratory  work  is  interesting  to 
students,  since  they  like  to  make  and  crystallize  a  variety  of 
salts.  It  also  gives  good  training  in  technique  and  is  not 
difficult  either  experimentally  or  theoretically,  while  at  the 
same  time  it  offers  a  wealth  of  material  for  practice  in  writing 
equations  and  solving  problems.  The  most  important  reason, 
however,  for  the  introduction  of  the  early  study  of  acids, 
bases,  and  salts  is  to  supply  the  indispensable  data  needed  later 
for  the  understanding  of  the  ionic  hypothesis. 

Chapters  x  and  xi  present  the  kinetic-molecular  and  atomic 
hypotheses  respectively.  It  will  be  noted  that  these  subjects 
follow  the  development  and  use  of  formulae  instead  of  preceding 
them.     This  emphasizes  the  generally  overlooked  fact  that  for- 
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ilaeareinno  way,  of  necessity,  dependent  upon  the  molecular- 
itomic  hypothesis.  At  the  same  time  the  student  is  in  a  position 
il  appreciate  more  readily  the  molecular-atomic  hypothesis  be- 
nuse  it  furnishes  a  plausible  explanation  of  facts  already  familiar 
to  him. 

Since  the  early  chapters  of  the  text  contain  as  much  infor- 
mation about  hydrogen  and  oxjgen  as  the  student  needs,  or 
can  fuUy  appreciate  at  the  start,  the  formal  discussion  of  these 
elements  has  been  postponed  to  chapter  xiv.  Chapters  xiii 
("Chemical  Equilibrium"),  xv  ("Oxidation  and  Reduction"), 
and  xvi  ("Heat  and  Energy")  present  important  theoretical 
matters. 

The  extended  discussion  given  of  the  ionic  hypothesis  needs 
no  apobgy.  In  this  connection  we  have  introduced  a  new 
method  of  graphic  representation  of  ionic  equilibrium.  In 
chapter  xx,  on  "Electrochemistry,"  the  electronic  conception 
of  reactions,  including  oxidation  and  reduction,  is  discussed. 

The  arrangement  from  this  point  on  needs  little  conunent. 

The  authors  recognize,  of  course,  that  organic  chemistry  (xxv 

and  uni),  "Theory  of  Dilute  Solutions"  (xxvii),  "Disperse 

Rems"   (xxviii),  and  "Radioactivity"   (xxxii)   are  optional 

for   beginning   general   chemistry   courses.     We   have 

lauded  these  subjects,  since  the  interest  which  they  have 

aroused  has  apparently  justified  so  doing. 

The  880  sections  of  the  book  have  been  not  only  titled  but 
numbered,  in  order  that  frequent  cross-references  might  be 
0ven.  The  student  is  thus  constantly  informed  of  the  mate- 
rial on  which  each  discussion  is  based.  Instructors  will  find  the 
erences  helpful  in  Ia>'ing  out  work  if  they  desire  to  skip 
a  portions  of  the  text,  for  instance  with  classes  of  students 
0  have  had  a  secondary-school  course  in  chemistry. 
'  The  great  importance  of  close  connection  between  the  work 
jlthc  laboratory  and  that  in  class  has  been  kept  constantly 
Bmind  in  planning  this  text.  A  laboratory  guide  (-4  Labora- 
^Outline for  General  CItcmislry,  by  McCoy  and  Terry),  which 
Hows  strictly  the  arrangement  of  the  text,  has  been  written 
l^hxompiuiy  the  latter. 
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In  addition  a  pamphlet  has  been  prepared  containing  those 
details  of  the  lecture  experiments  which  are  important  to  the 
lecture  assistant  but  of  no  interest  to  the  elementary  student. 
This  pamphlet  will  be  available  for  teachers  using  the  text. 

We  are  indebted  to  Professor  W.  D.  Harkins,  of  the  Uni- 
versity of  Chicago,  for  the  contribution  of  sections  6  and  7 
(pp.  3  and  4)  of  the  text  and  for  the  use  of  Fig.  117;  to  Mr. 
Leo  Finkelstein  for  the  drawings  of  Figs,  i  to  43;  and  to  Dr. 
R.  D.  Mullenix  for  the  seventy-seven  additional  drawings,  as 
well  as  for  valuable  criticism. 

The  Authors. 

Chicago,  III. 
July,  1919 


NOTE  TO  SECOND  IMPRESSION. 

We  have  taken  advantage  of  the  necessity  of  a  second 
printing  of  this  text  to  correct  a  number  of  misprints  and  to 
add  a  chapter  on  metallurgy.  In  the  preparation  of  the  latter 
we  have  found  the  following  works  of  general  assistance: 
Economic  Geology,  by  Heinrich  Ries  (John  Wiley  &  Sons) ; 
Non- technical  Chats  on  Iron  and  Steel,  by  La  Verne  W.  Spring 
(Frederick  A.  Stokes  Co.);  a  bulletin  entitled  "Copper "pub- 
lished by  the  Anaconda  Copper  Mining  Co.,  New  York;  The 
Mineral  Industry  in  1918;  Principles,  Operation  and  Products 
of  .the  Blast  Furnace,  by  J.  E.  Johnson,  Jr.;  and  the  works 
of  H.  O.  Hoffman  on  General  Metallurgy,  The  Metallurgy  of 
Lead,  and  The  Metallurgy  of  Copper.  (The  last  five  books 
are  all  published  by  the  McGraw-Hill  Book  Co.) 

The  Authohs. 

Chicago,  III., 
January,  1920. 
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CHAPTER  I 
INTRODUCTION— LAWS  OF  GASES 
.  A  Knowledge  of  Physics  Prerequisite  for  Chemistry.^ 
The  sciences  of  physics  and  chemistry  are  so  closeiy  related  that 
the  btter  may  be  considered  an  extension  of  the  fonner.  A 
knowledge  of  physics  is  therefore  necessary  for  an  adequate 
Understanding  of  chemistry,  and  it  is  to  be  assumed  that  the 
ituiient  taking  up  chemistry  has  had  at  least  a  one-year  high- 
ichool  course  in  physics. 
1.  The  Three  Forms  of  Matter:  Gases. — In  his  work  in 
ysics,  the  student  will  have  learned  the  meaning  of  the  term 
utter,  which  may  be  defined  as  anything  which  occupies  space 
id  has  weight.  He  will  have  learned,  also,  that  matter  may 
ist  in  three  forms:  solid,  liquid,  and  gaseous.  Since  gases  are 
ss  tangible  than  solids  and  liquids,  we  shall  first  take  up  the 
ihidy  of  air,  the  most  familiar  of  all  gases.  That 
ar  has  the  two  attributes  just  mentioned  as  belong- 
ig  to  all  forms  of  matter  may  readily  be  shown  by 
periment. 

3.  Air  Occupies  Space  and  Has  Weight. — If  a 
irinking  glass  or  beaker  be  thrust,  mouth  down- 
,  into  a  vessel  of  water,  the  water  does  not 
Iter  imtil  the  glass  is  tilted  to  allow  the  air  to 
This  shows  that  air  occupies  space. 
That  air  has  weight  may  be  shown  by  weighing 
flask,  first  empty  and  afterward  filled  with  air. 
e  flask  (Fig.  1)  should  be  round-bottomed  and  fio,  i 

ive  a  capacity  of  250  to  500  c.c.  It  is  fitted  with 
tight  rubber  stopper  carrying  a  glass  stopcock.  The  air  is 
Bt  pumped  out  by  means  of  an  efficient  air  pump;  the  stop- 
1  is  then  closed  and  the  flask  counterbalanced  with  weights. 
^  the  stopcock  is  opened  the  inrush  of  air  can  be  heard 
d  ft  is  easy  to  observe  that  there  is  an  appreciable  increasf 
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in  weight.     Since  air  occupies  space  and  has  weighty  it  is  un- 
doubtedly a  form  of  matter. 

One  liter  of  air  weighs  more  than  a  gram  and  the  air  contained 
in  a  room  12  feet  square  and  12  feet  high  would  weigh  about  100 
pounds.  At  the  earth's  surface  air  exerts  a  pressure  of  about 
15  pounds  on  every  square  inch  of  surface.  The  existence  of 
this  pressure  may  readily  be  shown  by  means  of  the  following 
experiment.  A  tin  can  with  a  narrow  neck  (such  as  is  often  used 
for  shipping  alcohol,  etc.)  and  of  about  i  gallon  capacity  is 
fitted  with  a  stopper  carrying  a  glass  tube,  by  means  of  which 
the  air  filling  the  can  may  be  piunped  out.  Usually,  before  the 
exhaustion  of  the  air  is  complete,  the  can  is  crushed  by  the 
pressure  of  the  air  on  the  outside — a  pressure  which  is  now 
no  longer  balanced  by  the  equal  and  opposite  pressure  on  the 
inside. 

4.  The  Effect  of  Pressure  on  Volume:  Boyle's  Law. — ^The 
atmospheric  pressure  is  measured  by  means  of  the  barometer. 
At  the  sea-level  the  normal  barometric  pressure  serves  to  support 
a  coliunn  of  mercury  76  cm.  high.  The  effect  of  pressure  upon 
the  volume  of  air  was  first  studied  by  Robert  Boyle  in  the  seven- 
teenth century.  Boyle  found  that  the  volume  of  a  given  portion 
of  air  was  inversely  proportional  to  the  pressure.  This  relation 
is  known  as  Boyle's  law.  IS  we  represent  the  pressure  by  P  and 
the  volume  by  V,  then  PF  =  a  constant. 

5.  The  Effect  of  Temperature  on  Volume:  The  Law  of 
Charles. — In  scientific  work  we  use  the  Centigrade  thermometer, 
the  scale  of  which  is  so  constructed  that  the  freezing-point  of 
water  is  0°,  while  the  boiling-point  is  100**.  The  effect  of  tempera- 
ture upon  the  volume  of  a  given  portion  of  air  at  a  fixed  pressure 
was  studied  over  a  century  ago  by  Charles  and  by  Gay  Lussac. 
It  was  found  that  the  volume  of  the  air  increased  1/273  ^^  ^^ 
volume  at  zero  for  each  increase  of  1°  C.  This  statement  is 
known  as  the  law  of  Charles,  or  sometimes  also  as  the  law  of 
Gay  Lussac. 

6.  The  Gas  Thermometer:  Absolute  Temperature. — An 
experiment  will  show  that  if  273  c.c.  of  air  contained  in  a  flask 
or  cylinder  at  0°  C.  is  heated  to  100°  C.  the  volume  will  change  to 
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3;j  e.c.  Such  an  apparatus  is  called  an  air  thermometer  and 
temperatures  may  be  measured  in  this  way  instead  of  by 
ihe  expansion  of  mercury,  as  in  ordinary  thermometers.  At 
1°  C.  the  volume  of  the  air  is  274  ex.;  at  2°  it  equals  275  c.c. 
and  thus  the  volumes  in  the  following  table  correspond  to 
the  temperatures  given. 


v.,„. 

c2,l& 

Volume 

cS?g^ 

37s  na 

nus  273  =  100 

293  ni 
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"  =  90 

■    "' 

"  -   so 

26J 

1  s 

.<  I  ^° 

ns 

\     '!. "~'° 

Since  the  zero  of  the  Centigrade  thermometer  is  arbitrarily 
,  being  the  temperature  of  the  freezing  of  water  (the  stu- 
ttt  is  already  familiar  with  the  Fahrenheit  zero,  which  is  at  a 
wer  temperature),  it  would  be  possible  and  convenient  to  use 
a  temperature  scale  in  which  the  volumes  of  the  air  in  the  air 
thermometer  as  described  are  taken  as  the  temperatures.     Since 
temperatures  on  the  Centigrade  scale  are  obtained  by  subtracting 
-■;3  from  the  corresponding  air-thermometer  temperatures,  the 
ATo  of  the  air  thermometer  or  gas  scale  must  be  2  73  degrees  lower 
than  the  Centigrade  zero,  or  273  degrees  below  the  freezing-point, 
Ilitse  air- thermometer  temperatures  are  usually  called  the  abso- 
lute temperatures;   the  absolute  temperature  may  therefore  be 
ined  as  the  Centigrade  temperature  plus  273  degrees.     Since 
Kt  other  gases  act  like  air  they  may  be  used  in  the  gas  iher- 
meter,  and  it  is  evident  that  if  a  certain  amount  of  gas  is  used 
il«uch  an  experiment,  no  matter  what  its  volume  may  be  at  the 
ing-point  of  water,  the  volume  will  always  vary  with  the 
npcrature  tn  the  same  ratio  as  the  absolute  temperature,  pro- 
i  the  pressure  on  the  gas  is  kept  constant. 
7.  Problems. — We  may  now  consider  a  few  simple  problems 
d  on  the  two  laws  of  gases  just  discussed. 
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Problem  i:  The  volume  of  a  certain  amount  of  air  at  27°  C. 
is  1 ,000  c.c.  What  would  its  volume  be  at  1 27**  C.  if  the  pressure 
is  kept  constant? 

Centigrade  temperature+273=absolute  temperature 

27*^+273=300 
127*^+273=400  . 

The  volume  of  the  gas  must  therefore  increase  in  the  ratio  of 

400  to  300,  or  it  will  become 

400 
1000  ex.  X  — -  =  1333 . 3  ex. 
300 

Problem  2:  Let  the  original  pressure  on  the  gas  in  Problem  i 

60 
be  60  cm.  of  mercury  (or  -7  of  the  ordinary  pressure  of  the  atmos- 
phere).   What  will  be  the  final  volume  of  the  gas  if  the  pressure 
is  increased  to  100  cm.  of  mercury?    An  increase  of  pressure 
must  decrease  the  voliune  of  the  gas,  and  in  the  ratio  of  the 

pressures,  60  to  100,  or  by  — . 

a)  Let  the  change  of  pressure  come  after  the  change  of 
temperature  as  given  in  Problem  i : 

then 

60 
1333 .3  cxX —  =  800  c.c.  (final  volume)    Ans. 
100 

b)  Let  the  change  of  pressure  take  place  first: 

60 
1000  c.cX —  =  600  C.C.,  volume  after  the  pressure  change. 

The  temperature  change  would  then  change  the  volume  as 
follows: 

A.QQ 

60C  ex.  X —  =  800  c.c.  (final  volume)    Ans. 
300     . 

It  is  thus  seen  that  the  same  answer  is  obtained,  no  matter 
which  step  in  the  problem  is  worked  first,  so  the  whole  problem, 
I  and  2  together,  may  be  stated  in  one  expression  as  follows: 

400     60 
1000  c.c.  X — X —  =  800  c.c.    Ans, 
300    100 
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Problemj:  Suppose  that  i,ooo  c.c.of-trirat  so' C.and  70cm. 
pressiu*  13  cooled  to  0°  and  that  at  the  same  time  the  pressure 
isbfreased  to  76  cm.     Find  the  final  volume. 

When  a  gas  is  at  the  temperature  of  0°  C.  and  under  a  pressure 
of  ;6  cm.  (the  normal  atmospheric  pressure  at  sea-level)  it  is  said 
to  be  at  standard  conditions.  Unless  otherwise  stated,  numeri- 
cii  data  for  gases  refer  to  the  latter  under  standard  conditions, 

Problem  4:  Find  the  volume  at  standard  conditions  of  400  c.c. 
of  air  measured  at  30°  and  72  cm. 

8.  Steam  Is  the  Gaseous  Form  of  Water.— It  is  well  known 
that  when  water  is  heated  it  passes  into  steam.  The  white  cloud 
which  is  frequently  spoken  of  as  steam  is  not  really  steam,  but 
is  composed  of  minute  droplets  of  water.  If  we  boil  water  in  a 
glass  flask  the  space  above  the  water  is  filled  with  steam,  but 
*e  notice  that  the  steam  is  entirely  invisible  and  that  the  visible 
doud  forms  only  when  the  steam  cools  and  condenses  to  liquid 
droplets.  Water  in  the  form  of  steam  is,  like  air,  a  gas.  When 
we  boil  any  liquid  like  alcohol  or  mercury  the  liquid  passes  into 
tie  state  of  a  gas  or  vapor,  as  it  is  sometimes  also  called.  The 
gisor  vapor  when  cooled  condenses  to  the  liquid  form  of  the  sub- 
stance. 

9.  Change  of  Form  of  Matter  with  Change  of  Temperature.— 
just  as  water  when  cooled  solidifies  to  ice.  so  every  other  liquid 

ubstance  solidifies  when  sufficiently  cooled.     We  speak  of  steam 

'■■■v\  ice  as  the  gaseous  and  solid  forms  respectively  of  water. 

iite  substance  known  as  moth-balls  is  called  naphthalene  by  the 

dicmist;  it  is  a  solid  at  ordinary  temperatures,  but  when  heated 

it  melts  to  a  colorless  liquid,  and  when  heated  still  hotter  it 

Ds,  giving  a  colorless  vapor,  which  is  naphthalene  in  the  form 

ngas.     When  this  gas  is  cooled  it  condenses  to  a  liquid,  which 

n  cooled  still  further  solidifies  or  freezes,  giving  solid  naph- 

me  again.     Behavior  like  that  of  water  and  naphthalene 

Bet  with  ui  the  case  of  very  many  other  substances.     They 

ftcxbt  in  three  different  forms,  gas,  liquid,  and  solid,  according 

pc  temperature. 
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THE  BURNlKO  OF  SUBSTANCES— OXYGEN 

10.  Burning  Substances  Require  Air. — ^The  history  of  chem- 
istry shows  that  the  discovery  of  the  real  nature  of  the  process  of 
burning  was  one  of  the  most  important,  if  not  the  most  important, 
in  the  development  of  the  whole  science.  That  air  is  needed  for 
the  burning  of  a  substance  is,  in  general,  well  known,  and  can 

easily  be  shown  by  many  simple 
experiments.    For  example,  if  we 
I  place   an   inverted  drinking-glass 

0        \  over  a  burning  candle  standing  on 

a  table  (Fig.  2),  the  flame  quickly 
grows  smaller  and  smaller  and  soon 
goes  out,  the  glass  having  cut  off 
I      the  needed  supply  of  air. 
Fig.  2  A  still  more  interesting  and  in- 

structive experiment  may  be  made 
with  phosphorus,  a  substance  which  bums  very  readily  in  the 
air,  giving  off  clouds  of  white 
smoke.  A  piece  of  phosphorus  of 
the  size  of  a  pea  is  placed  on  a 
cork  floating  on  water  and  covered 
with  a  bell-jar  (Fig.  3).  When  a 
heated  wire  passing  through  the 
tight-fitting  stopper  of  the  jar  is 
brought  in  contact  with  the  phos- 
phorus the  latter  takes  fire  and 
bums  with  the  production  of  light 

and  heat  and  the  formation  of  a   

cloud   of   white   smoke.    At   the  ^^-  3 

same  time  the  level  of  the  water 

inside  the  bell- jar  first  falls  a  little  and  later  rises;   but  while 

there  is  still  a  large  volume  of  air  left  above  the  water  on  which 

the  cork  floats,  the  flame  dies  out  and  the  buming  ceases.    By 
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pHe  time  the  bell-jar  and  its  content  have  become  cold,  the 
cloud  has  disappeared  and  the  water  has  risen  on  the  inside  so 
that  the  volume  of  the  remaining  air  is  seen  to  be  about  four- 
fiflhs  of  the  original  volume.  It  follows  that  about  one-fifth 
by  volume  of  the  air  has  disappeared. 

Further  examination  also  shows  that  much  of  the  phos- 
phorus still  remains  unbumed.      Why,  then,  should  the  burn- 
ing stop  while  there  is  still  four-fifths  by  volume  of  the  air  left 
ia  the  jar?     The  answer  to  this  question  may  be  made  when 
we  find  that,  try  as  we  may,  we  cannot  make  phosphorus  or 
uj'thing  else  burn  in  the  air  remaining  in  the  jar.     We  therefore 
amdude  that  Ike  remaining  air  is  different  jrom  common  air. 
The  corre<?tness  of  this  conclusion  is  supported  by  the  fact  that 
flnaUanimals,  such  as  mice,  suffocate  at  once  if  allowed  to  breathe 
^^^reinainiiigportionof  theair.     The  factsjust  considered  make 
^^keem  probable  that  one-fifth  of  the  air  is  different  from  the 
^^Buice,  and  that  it  is  this  portion  which  takes  part  in  the  burning 
^^  substances  and  which  is  necessary  for  the  respiration  of 
Uiimals. 

Everyday  experience  would  seem  to  indicate  that  wood,  coal, 
piper,  gasoline,  etc.,  are  completely  destroyed  when  they  are 
bumed.  Wood  and  coal  leave  a  small  amount  of  ash  when 
I  bnmed,  but  nothing  visible  remains  in  the  case  of  gasoline  and 
^^BCr  oils.  Since  we  have  found  that  water  in  the  form  of  steam 
^^RDvisible,  it  is  possible  that  the  substance  burned  may  have 
B^Esed  into  an  invisible  form  and  thus  escaped  notice. 

There  are  many  substances  which  burn  very  readily  and  in 
»  doing  leave  behind  large  amounts  of  ash;  tlie  experimental 
SWdy  of  the  burning  of  such  substances  leads  to  important  con- 
clusions.    We  may  now  consider  two  typical  cases  of  this  sort. 

11.  The  Burning  of  Magnesium. — The  metal  magnesium, 
which  is  used  in  photographic  fiash  lights,  will  bum  very  readily 
ioiir,  either  in  the  form  of  powder  or  thin  ribbon.  In  either  case 
we  notice  that  a  white  ash  is  left.  If  we  collect  and  weigh  the  ash 
ffiim  the  burning  of  a  weighed  piece  of  magnesium  ribbon  we 
^'1  that  the  ash  weighs  more  than  the  original  metal  ribbon. 
The  actual  experiment  is  best  carried  out  by  placing  about  one 


8 


Introduction  to  General  Chemistry 


gram  of  magnesium,  in  the  form  of  wire  (Fig.  4)  or  ribbon,  in  a 
porcelain  crucible,  having  a  cover,  and  then  weighing  crucible  and 

contents.  The  magnesium  is  then 
ignited  and  the  cover  so  adjusted 
that  some  air  can  enter,  but  that 
the  dense  cloud  of  white  smoke  is 
largely  held  back  in  the  crucible. 
After  the  burning  is  finished  and 
the  crucible  has  cooled  and  the 
whole  is  again  weighed,  it  will  be 
found  that  there  has  been  a  consider- 
able increase  in  weight. 
12.  The  Baming  of  Iron. — Iron  powder  or  filings  bum  readily 
when  thrown  into  a  flame,  and  in  a  similar  manner  we  find  that 
the  burned  iron  or  iron  ash,  as  we  might  possibly  call  it,  is  heavier 
than  the  original  metal.  In  order  to  show  this  by  experiment, 
we  may  suspend  on  one  side  of  a  balance  (Fig.  5)  a  horseshoe 


Fig.  4 


Fig.  5 


magnet  which  has  been  dipped  in  iron  filings,  and  counterpoise 
the  magnet  and  adhering  iron  by  adding  small  shot  or  sand  to 
the  other  pan  of  the  balance.  By  the  application  of  a  flame,  the 
iron,  which  now  presents  a  large  surface  to  the  air,  may  be 
ignited.  As  it  burns  with  a  dull  glow  we  observe  a  gradual 
increase  in  its  weighty  and,  while  there  is  no  noticeable  change 
in  its  volume,  the  cold  residue,  which  we  may  call  iron  ash,  is 
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sfcn  lo  have  lost  its  metallic  luster  and  taken  on  a  dead  black 
raior.  We  find,  thus,  that  iron  ash  is  heavier  than  the  iron  burned. 
If  we  seek  the  cause  of  this  increase  in  weight,  we  may  get  a 
hint  when  we  remember  that  for  the  hurning  of  a  candle  air  is 
mjuired,  and  that,  moreover,  part  of  the  air  disappeared  when 
phosphorus  was  burned  in  it.  What,  then,  becomes  of  the 
weight  of  the  one-fifth  of  the  air  that  disappeared?  Is  it  added 
tithe  weight  of  the  iron,  so  as  to  increase  the  weight  of  its  ash? 
TTic  facts  presented  in  the  next  paragraph  will  furnish  the 
ftqiiirod  answers. 

'  13.  Lavoisier's  Experiment  with  Mercury. — An  experiment 
which  turned  out  to  be  one  of  the  most  important  made  in  the 
early  development  of  the 
aieDce  of  chemistry  was 
airied  out  by  the  great 
French  chemist,  Lavoisier, 
in  tl>e  latter  part  of  the 
dghteenth  century.  The 
arrangement  in  this  classic 
ojieriment  is  shown  in 
Fig.  6.  The  retort  (the 
^  vessel  with  the  long 
bmt  neck)  was  partly  filled  Fic  6 

*ith    mercury     (quicksil- 

>Tr);  the  space  above  the  mercury  contained  ordinary  air,  which 
f-ifiiled  the  bell-jar  with  which  the  neck  of  the  retort  communi- 
-  'ed.  The  bell-jar  stood  in  a  shallow  vessel  containing  mercury, 
-(ch  ser\-ed  to  prevent  outside  air  from  passing  into  or  out  of 
•1  jar.  The  mercury  in  the  retort  was  now  heated  by  means  of 
■  I  haicoal  stove  for  a  period  of  several  days.  The  beating  first 
-used  an  expansion  of  the  air;  but  as  time  went  on  a  gradual 
iiii^ictioo  occurred,  which  entirely  ceased  after  several  days, 
ficrcupon  the  heating  was  stopped.  The  volume  of  the  air.  left 
'■•^  the  entire  apparatus  when  brought  to  its  original  temperature 
"J  pressure  was  practically  four-fifllis  of  what  it  had  been  at  the 
"irt.  The  surface  of  the  mercury  in  the  retort  was  found 
■"  be  covered  with  a  red  powder,  which  may  be  considered 
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as  analogous  to  the  white  ash  formed  m  the  burning  of 
magnesium  or.  the  black  ash  formed  by  the  burning  of  iron 
filings. 

14.  Heating  the  Red  Ash  of  Mercury. — ^If  we  take  some  of  the 
red  ash  of  mercury,  place  it  in  a  glass  test  tube,  and  heat  it  very 
strongly  (Fig.  7),  we  find  that  it  changes  in  a  remarkable  way: 
first  it  turns  black,  and  then  at  red  heat  it  gradually  grows 
smaller,  until  after  a  few  minutes  none  of  it  remains.    At  the 

same  time,  however,  on  the  cooler  part  of  the 
wall  of  the  tube  a  silvery-looking  coating  has 
appeared,  which  when  the  tube  has  cooled 
may  be  brushed  to  the  bottom  of  the  tube, 
and  is  then  readily  seen  to  consist  of  drops  of 
liquid  mercury.  Thus  by  heating .  the  red 
powder  to  a  higher  temperature  than  that  used 
in  its  formation  J  mercury  is  reproduced.  But 
this  is  only  half  the  story. 

The  more  important  part  remains  to  be 
told.  Lavoisier  reasoned  about  the  matter 
somewhat  as  follows:  If  burning  substances 
require  air;  if  a  part  of  the  air  disappears  (in 
some  cases  at  least)  during  burning;  if  in  the 
burning  of  metals  like  magnesium  and  iron  the  ash  is  heavier  than 
the  metal  burned;  if ,  as  is  indeed  a  fact,  air  has  weight;  is  it  not 
possible  that  the  burning  substance  unites  with  a  part  of  the  air 
to  form  a  new  kind  of  substance,  and  that  this  new  substance, 
for  example,  magnesium  ash,  is  heavier  than  the  substance 
burned  because  it  contains  not  only  the  latter  but  also  a  part  of 
the  air?  Perhaps  also  the  red  ash  formed  by  the  gentle  heating 
of  mercury  in  contact  with  air  is  also  made  up  of  merciuy  and 
something  taken  from  the  air.  Perhaps  the  one-fifth  of  the  air 
that  vanished  has  combined  with  the  mercury  to  form  the  red 
ash.  If  all  these  suppositions  are  true,  perhaps  when  the  red 
ash  was  changed  again  into  mercury  by  being  strongly  heated 
there  was  set  free  at  the  same  time  the  part  of  the  air  which  by 
originally  uniting  with  the  mercury  produced  the  red  ash.  If 
all  this  were  true,  how  coxUd  it  be  proved?    Let  us  see. 
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ij.  The  Active  Part  of  the  Air;  Oxygen. — The  part  of  the  air 
whicii  disappeared  may  be  just  that  part  which  causes  substances 
10  bum.  If  it  were  to  be  obtained  pure,  free  from  the  inert  four- 
fifths  which  does  not  support  burning  (combustion),  it  ought  to 
lupport  combustion  far  better  than  common  air.  This  is  a  matter 
easily  put  to  the  test  of  experiment.  Let  us  again  heat  some 
of  ihc  rod  powder  in  a  test  tube  and  at  the  same  time  thrust  into 
the  tube  a  burning  wood  spHnt.  We  see  that  it  burns  much  more 
fitrcdy  and  brightly  than  in  common  air.  Furthermore,  if  we 
have  no  flame,  but  only  a  tiny  spark  on  the  end  of  the  splint, 
w  see  that  when  thrust  into  the  tube  above  the  heated  red  ash 
Ifc  jpark  bursts  into  a  vigorous  flame. '  The  suppositions  seem 
to  be  true.  Lavoisier  was  led  in  this  way  to  the  discovery  of 
the  secret  of  the  nature  of  burning.  He  called  the  gas  formed 
by  the  healing  of  the  red  powder  oiygen.  This  gas  forms  one 
JS^  by  volume  of  the  air  and  is  the  part  of  the  air  which  is  necessary 
for  the  burning  of  substances.  The  other  four-fifths  by  volume 
of  the  air  is  inert;  it  does  not  support  combustion;  neither  does 
it  support  the  respiration  of  animals.  Lavoisier  called  it  azote; 
we  call  it  nitrogen. 

i6.  The  Properties  of  Oxygen.^Oxygen  is  an  invisible  gas 
liteaJr;  it  has  no  odor  and  it  supports  combustion  far  better  than 
does  air.  By  the  same  method  as  that  employed 
in  the  case  of  air  (chap,  i),  we  may  readily  find 
that  1  liter  of  oxygen  at  a  temperature  of  o°  and 
76  cm.  pressure  weighs  1.43  g.  It  has,  there- 
fore, a  somewhat  greater  density  than  air,  of 
which  I  liter  weighs  i .  29  g.  Further  evi- 
dence that  the  e.vplanation  of  the  nature  of 
burning,  given  in  the  preceding  paragraph,  is  the 
correct  one  is  furnished  by  esperiments  which 
we  may  now  consider. 

17.  Burning  Iron  in  Oxygen. — If  we  place  a 
gram  or  two  of  iron  filings  and  a  minute  piece  of 
phosphorus  on  a  piece  of  asbestos  paper  in  the 
l»tlom  of  a  300-c.c.  round-bottomed  flask  filled  with  pure 
D  and  fitted  with  a  rubber  stopper  and  a  glass  stopcock 
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(Fig.  8),  we  shall  find  that  the  weight  of  the  flask  with  its  con- 
tents does  not  change  if  by  heating  we  cause  the  iron  to  burn 
in  the  oxygen.  Now,  we  know  that  when  iron  bums,  the  prod- 
uct weighs  more  than  the  original  iron.  We  know  also  that 
oxygen  has  weight  and  that  the  total  weight  of  the  flask  with  its 
contents  has  not  changed  during  the  burning.  What  then  is  the 
cause  of  the  increase  of  the  weight  of  iron  when  burned?  If  we 
open  the  stopcock  while  its  open  end  is  held  under  water,  we  find 
that  the  water  nearly  fills  the  flask.  We  must  conclude  that  the 
oxygen  has  disappeared.  Is  it  not  reasonable  to  suppose  that 
the  ash  resulting  Jrom  the  burning  of  iron  is  composed  oj  the  iron 
originally  taken  and  the  oxygen  which  has  disappeared?  Our 
experiment  has  shown  that  the  weight  oJ  this  ash  is  precisely  the 
same  as  tltc  combined  weights  of  Ike  iron  and  the  oxygen  which 
disappeared  in  the  burning. 

It  will  readily  be  seen  that  the  experiment  with  iron  is  similar 
to  that  made  by  Lavoisier  with  mercury — with  the  difference 
that  iron  burns  rapidly,  whereas  mercury  changes  but  slowly  in 
oxygen.  Furthermore,  the  fact  that  the  red  ash  of  mercury 
when  strongly  heated  gives  again  mercury  and  oxygen  makes 
it  practically  certain  that  the  red  ash  was  formed  by  the  combina- 
tion or  union  of  mercury  with  oxygen  which  composed  part  of 
the  original  air  used  in  Lavoisier's  experiment.  Instead  of  iron, 
in  the  experiment  described,  we  might  have  substituted  magne- 
sium or  phosphorus,  or  indeed  any  one  of  a  large  number  of  other 
substances.  In  each  case  the  result  would  have  been  similar 
to  that  in  the  case  of  iron  and  oxygen  and  a  similar  conclusion 
would  have  been  forced  upon  ns.  In  all  such  cases  we  would 
conclude  that  the  process  of  burning  consists  in  the  combination 
or  union  of  gaseous  oxygen  with  the  solid  substance  burned  to  form  i 
the  product  of  tlie  combustion.  -  -~ 

iS.  Burning  Charcoal  in  Oxygen.^ — If  we  put  a  piece  of  burn- 
ing charcoal  into  a  buttle  containing  oxygen  we  notice  that  it 
burns  even  more  raiMdly  m  oxygen  than  in  the  air.  In  this  case 
there  is  but  a  trifling  amount  of  ash  left  compared  with  the 
amount  of  charcoal  burned.  In  order  to  see  whether  an  invisible 
product  may  have  been  produced  we  may  make  the  following 
experhnent.    If  we  pour  a  little  Umewater  into  a  bottle  contain- 
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ij  oxygen  and  shake  the  limewater  with  the  oxygen  we  notice 

i.i  change.    If  now  we  pour  limewater  into  a  bottle  in  which 

Mrcoal  has  been  buraed  in  oxygen  and  again  shake  the  con- 
uiner,  Ihc  limavakr  becomes  milky  in  appearance.  We  must  con- 
clude that  some  invisible  substance,  different  from  oxygen,  has 
been  produced  in  the  latter  case.  If  the  burning  of  charcoal  is 
ihaught  to  be  analogous  in  nature  to  the  burning  of  iron,  then 

If  might  expect  that  the  product  would  be  something  composed 
oi  carbon  and  oxygen  and  that  its  weight  should  be  equal  to  the 

tlbined  weights  of  the  carbon  burned  and  the  oxygen  taken  up. 

■  can  get  some  evidence  that  this  is  the  case  by  means  of  the 
wing  experiment. 

I19.  Carbon  Dioxide.— A  small  quantity  of  charcoal  is  placed 
It  one  end  of  a  hard  glass  tube,  the  other  end  of  which  contains 
s  of  caustic  soda  (Fig.  9)-     If  we  now  weigh  the  lube,  which 


Fio.  9 

may  be  fitted  at  the  end  containing  the  charcoal  with  a  stopper 
:nd  a  small  glass  tube,  and  then  cause  the  charcoal  to  burn  in  a 
ream  of  oxygen  gas  which  we  may  pass  through  the  tube,  we 
h.illfind  that  there  is  an  increase  of  weight,  due  to  the  fact  that 
■'ir  product  formed  by  burning  the  charcoal  has  been  absorbed 
■>  the  caustic  soda  in  the  tube.  If  we  place  some  caustic  soda 
n  a  beaker,  dissolve  it  in  water,  and  add  some  hydrochloric  acid, 
■'■Tcan  see  no  marked  change.  If  we  treat  the  material  from  the 
'iiircoal  experiment  in  the  same  way,  we  notice  that  a  gas  is 
noff  when  we  pour  the  acid  into  the  solution.  A  test  of  this 
tWJtli  limewater  shows  that  it  behaves  like  that  obtained 
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when  charcoal  is  burned  directly  in  oxygen.  The  results  of 
these  e:q)eriments  lead  us  to  conclude  that  when  charcoal  is 
burned  an  invisible  gas  is  produced,  and  that  this  gas  is  heavier 
than  the  charcoal  burned;  and,  in  fact,  if  charcoal  had  been 
burned  in  a  closed  vessel  with  oxygen,  we  should  find  that  the 
weight  of  vessel  and  contents  had  not  changed  during  the 
burning,  and  would  be  forced  to  conclude  that  the  weight  of 
the  invisible  product  was  just  equal  to  the  sum  of  the  weights  of 
the  charcoal  burned  and  the  oxygen  which  had  united  with  it. 
This  gaseous  product  of  the  burning  of  charcoal  was  formerly 
called  carbonic  acid  gas,  but  is  now  usually  called  carbon  dioxide. 
20.  Experiments  with  a  Burning  Candle. — ^We  find  by  experi- 
ment  that  carbon  dioxide  is  formed  when  wood,  coal,  illiuninating 
gas,  gasoline,  etc.,  bum.  We  may  easily  show  by  the  limewater 
test  that  it  is  also  formed  during  the  burning  of  a  candle.    We 

may  also  show  that  another  well- 
known  substance  is  produced  when 
the  candle  burns.  If  we  burn  the 
candle  under  an  inverted  funnel 
connected  by  means  of  a  glass 
tube  with  a  U-tube  which  is  cooled 
by  immersion  in  a  vessel  of  mercury 
and  draw  air  through  the  funnel 
and  U-tube  we  find  that  a  colorless 
liquid  collects  in  the  cold  U-tube 
(Fig.  lo).  This  liquid  is  water. 
The  burning  of  the  candle  gives, 
ihen,  both  carbon  dioxide  and  water.  We  may  readily  show  that 
the  weight  of  the  products  of  a  burning  candle,  if  these  are  suit- 
ably collected,  is  greater  than  the  weight  of  the  candle  burned. 
To  do  this  we  make  use  of  the  arrangement  shown  in  Fig.  ii. 
The  candle  is  inclosed  in  a  glass  cylinder,  closed  below  by  a  cork 
having  three  or  four  holes  for  the  admission  of  air.  The  top  of 
the  cylinder  is  filled  with  pieces  of  a  solid  substance  (caustic 
potash)  which  readily  absorbs  both  carbon  dioxide  and  water,  but 
not  oxygen  or  nitrogen,  the  components  of  air.  The  apparatus 
thus  arranged  is  suspended  on  one  side  of  a  balance  and  counter- 
poised. 
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The  candle  is  now  lighted  and  allowed  to  bum  for  ten  or 
ufwen  minutes,  whereupon  it  will  be  found  that  llie  apparatus  has 
btxom  appreciably  heavier.  The  increase  in  weight  is  due  to  the 
liiit  that  the  carbon  dioxide  and  water  formed  weigh  more  than  the 
'diidle  burned.  In  fact,  the  excess  weight  is  exactly  the  weight 
i  theox>'gen  which  has  been  consumed  in  the  burning.  Under 
rdinary  circumstances  the  carbon  dioxide  and  water  escape 
iir  notice  because  both,  the  latter  being  in  the  form  of  steam. 


Hi  invisible  gases. 


II.  The  Law  of  the  Conservation  of  Matter. — By  the  study 
ot  iuch  facts  as  those  discussed  in  the  preceding  paragraph  and 
[laay  others  of  a  similar  nature,  Lavoisier  arrived  at  the  con- 
djiitin  that  iv/ien  a  substance  burns  it  unites  with  the  oxygen  0/  Ike 
1",  und  thai  the  weight  of  the  product  is  always  exactly  equal  to  the 
-ri^ht  of  the  substance  burned  plus  the  weight  of  the  oxygen  which 
"dies  with  the  burned  substance  during  the  combustion.  The 
wnlact  may  be  a  solid,  a  liquid,  or  a  gas.  If  it  is  a  volatile 
liquid  or  a  gas  it  usually  escapes  notice  because  it  is  invisible. 
Burning,  therefore,  consists  in  a  union  of  tJie  substance  burned  with 
M?|oi.  In  this  sense  a  substance  which  is  burned  is  not  destroyed; 
ifjc  material  or  matter  composing  it  merely  passes  into  another 
fann,  the  quantity  of  matter  in  all  cases  being  measured  by  its 

^t  These  facts  are  briefly  summed  up  in  the  statement  that 
w  is  indestructible,  a  statement  which  is  frequently  referred 

B"tlie  Lait,-  of  the  Conservation  of  Matter. 
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22.  Bodies  and  Substances. — ^We  use  the  words  ''substance" 
and  ''body"  in  chemistry  in  very  definite  senses.  We  speak  of 
things  like  watches  or  knives  as  "  bodies."  We  say  that  the  blade 
of  the  knife  is  steel,  the  handle  is  pearl.  We  say  that  a  watch  has 
a  case  of  gold  and  a  watch  crystal  of  glass.  We  call  steel,  pearl, 
gold,  and  glass  "substances."  A  substance  is  thus  a  particular 
kind  of  material,  a  body  is  an  object  which  may  be  composed  of 
one  or  many  kinds  of  substances.  Water,  salt,  and  sugar  are 
further  examples  of  substances  in  the  sense  of  this  definition. 


Fig.  12 

23.  Pure  Substances. — ^We  find  that  natural  waters,  as  those 
of  lakes,  rivers,  and  springs,  are  not  all  alike.  It  now  becomes 
important  to  discover  the  cause  of  the  diflFerences  between 
waters  from  different  sources.  If  we  boil  a  quantity  of  lake 
water  we  find  when  the  water  has  entirely  disappeared  that  a 
solid  residue  is  left.  If  the  steam  from  the  boiling  water  is  con- 
densed by  cooling  it,  as  by  means  of  a  condenser  (Fig.  1 2)  through 
the  outer  tube  of  which  a  stream  of  cold  water  flows,  we  obtain 
what  is  called  distilled  water.  If  we  now  evaporate  to  dryness 
a  quantity  of  this  distilled  water  we  find  that  no  residue  is  left. 
If  we  prepare  distilled  water  from  any  natural  water  we  find  that 
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it  will  always  evaporate  completely,  leaving  no  solid  residue. 
ffeflnd  further  that  different  kinds  of  natural  water  leave  differ- 
ent proportions  of  solid  residue  upon  evaporation  and  that  the 
nature  of  the  solid  material  left  also  differs  in  different  cases,  but 
that  the  distilled  water  in  one  case  cannot  be  distinguished  in 
iny  way  from  that  obtained  in  another.  We  say  then  that 
iiistitled  water  is  pure  water,  a  pure  substance,  and  the  natural 
vijtLTS  are  not  pure  water,  but  that  they  contain  dissolved  foreign 
ubstances.  If  the  natural  water  is  muddy,  that  is,  if  it  is  not 
clear,  the  foreign  material 
which  causes  it  to  appear 
muddy  can  be  separated 
by  filtration  (Fig.  13),  a 
process  in  which  the  liquid 
is  allowed  to  seep  through 
a  piece  of  filter  paper 
folded  so  as  to  fit  snugly 
into  a  funnel.  The  mud 
remains  on  the  filter  paper. 
However,  filtration  will  not 
'tmnve  any  of  the  dissolved  material,  but  only  that  which  is 
■uspcadcd  in  the  water. 

H-  Pure  Salt  Made  from  Rock  Salt. — Common  salt  is  found 
■1  nature  as  a  mineral  known  as  rock  salt.  We  find  that  different 
^ples  of  rock  salt  differ  in  color,  taste,  specific  gravity,  and  in 
jiher  waj-s.  If  we  mix  rock  salt  with  water  we  fijid  that  a  large 
fnrt  dissolves  in  the  water.  In  general  a  small  amount  of 
KAteml,  sand,  etc.,  will  not  dissolve,  even  though  we  take  a  large 
ioiount  of  water.  If  we  filter  the  solution  we  separate  the  water 
Mil  dissolved  material  from  the  part  which  has  not  dissolved. 
That  which  runs  through  the  filter  paper  is  called  the  filtrate;  it 
Bihe  solution  of  the  salt  in  water.  If  we  boil  away  the  water 
^  fend  that  the  salt  is  left  in  the  solid  form  and  that  the  material 
&  now  free  from  color,  that  is,  that  it  is  white,  and  that  it  will 
iisolvc  completely  in  water.  The  salt  so  prepared  is  purer  than 
lis  rock  salt  taken.  Just  as  it  is  possible  to  prepare  pure  water 
iffl  any  natural  water,  so  analogously  it  is  possible  to  prepare 
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pure  salt  from  any  natural  salt.  Pure  salt  is  always  exactly  tlu 
same  in  taste,  color,  specific  gravity,  etc.,  from  whatever  soura 
it  may  have  been  obtained.  The  process  for  the  purificatior 
of  salt,  described  in  the  statement  above,  gives  in  all  cases  s 
much  purer  product  than  the  original  rock  salt— pure  enougt 
for  table  use,  but  not  a  perfectly  pure  substance.  It  still  odq- 
tains  very  small  amounts  of  some  foreign  substances;  but  ever 
these  can  be  removed  by  well-known  methods  which  the  studeni 
will  learn  later.  A  pure  substance  is  a  substance  which  consisb 
of  one  sort  oj  material.  It  always  has  definite  physical  proper- 
ties, from  whatever  source  it  may  be  obtained. 

25.  Decomposition  of  Substances. — It  was  found  that  the  red 
ash  formed  by  heating  mercury  in  contact  with  air  was  changed, 
upon  being  heated  still  more,  into  mercury  aad  oxygen.  We  say 
in  this  case  that  the  red  ash  of  mercury  has  been  decomposed  into 
mercury  and  oxygen.  We  can 
accomplish  the  decomposition  of 
many  substances  in  an  equally 
simple  fashion. 

We  will  now  consider  a  few 
such  cases  as  illustrations. 

26.  Decomposition  of  Sal 
Soda.— If  we  place  in  a  test  tube 
a  crystal  of  common  washing-soda, 
also  known  as  sal  soda,  and  heat  it 
gently  over  a  Bunseu  flame,  we  find 
that  water  is  produced  as  steam, 
and  that  it  condenses  in  the  cold 
end  of  the  test  tube.  An  opaque 
solid  is  left  in  place  of  the  clear 
crystal  of  sal  soda  taken.  We  say 
that  the  sal  soda  has  been  decom- 
posed into  dry  soda  and  water.  It 
would  be  easy  to  show  that  the  weight  of  the  water  and  dry  soda 
formed  is  equal  to  the  weight  of  sal  soda  taken.  In  other 
words,  the  sal  soda  has  been  decomposed  into  dry  soda  and 
water. 
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17.  Electrolysis  of  Water. ^If  we  pass  an  electric  current 
ihrmigh  some  water  (Fig,  14)  to  which  we  nave  added  a  few  drops 
"I  sulfuric  acid,  we  find  that  gases  are  produced  at  the  platinum 
dfctrodes.  The  decomposition  of  a  substance  by  an  electric 
Lunent  is  called  electrolysis.  If  we  collect  each  of  these  gases 
i^iarately  we  find  that  one  of  them  is  oxygen.  The  other  gas, 
liic  TOiume  of  which  is  double  that  of  the  oxygen,  has  quite  differ- 
' lit  properties;  it  is  called  hydrogen.  If  we  bring  a  lighted 
■Tjlinlcr  into  the  oxygen,  the  splinter  continues  to  burn  with 
ifiCTcased  brilliancy  and  rapidity.  If  we  repeat  this  test  with 
faydri»gen,  we  find  that  the  hydrogen  itself  catches  fire,  just  as 
niiiminating  gas  would  do,  and  that  the  splinter  itself  no  longer 
bums  in  the  hydrogen  gas.  These  facts  may  be  concisely  stated 
by  laying  that  oxygen  supports  combustion,  while  hydrogen  burns 
Jwt  ioes  not  support  combustion.  It  would  be  possible  to  show 
by  experiment  that  the  weight  of  the  water  decreases  during  the 
jaisage  of  the  electric  current  through  it,  ami  that  this  decrease 
io  Weight  Is  just  equal  to  the  combined  weights  of  the  oxygen  and 
bydrogcn  formed.  The  total  amount  of  sulfuric  acid  added  to 
the  water  remains  in  the  water  at  the  end  of  the  electrolysis  and 
Would  serve  to  promote  the  decomposition  of  any  desired  amount 
(rf  «rater.  The  complete  explanation  of  the  behavior  of  the 
wifuric  acid  cannot  be  given  at  this  point,  but  we  know  that  the 
tjilrogen  and  oxygen  formed  come  exclusively  from  the  water 
wd  not  from  the  acid  nor  the  platinum  nor  the  glass  of  the 
nssd  used.  We  conclude  that  water  is  decomposed  by  the  electric 
annt  ittlo  hydrogen  and  oxygen.  Therefore  we  may  say  that 
nicr  is  composed  of  hydrogen  and  oxygen  or  that  water  is  a 
impound  0/  hydrogen  and  oxygen.  As  a  matter  of  fact,  when 
hydrogt-n  bums  in  air  water  is  formed.  If  a  cold  beaker  is  held 
OTn  a  jet  of  burning  hydrogen,  water  will  be  seen  to  condense  in 
J  mist  on  the  surface  of  the  beaker..  •;- 

aS.  Magnesium  Burned  in  Steam. — That  water  is  composed 

:  oxygen  and  hydrogen  may  be  shown  in  many  other  ways,  one 

i  *hich  is  the  following.     When  a  piece  of  magnesium  ribbon 

Jna  in  air  the  magnesium  unites  with  the  o-xygen  of  the  air 

^^  tern  a  white  solid  which  we  call  magnesium  oxide.    Now, 
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magnesium  will  also  burn  in  steam  (Fig.  15)  nearly  as  readily 
as  it  does  in  the  air  or  in  pure  oxygen,  and  we  find  that  the 
white  solid  which  is  again  formed  is  also  magnesium  oxide. 
In  addition,  hydrogen  gas  is  produced  and  may  easily  be  col- 
lected over  water.  Since  magnesium  oxide  is  composed  of 
magnesium  and  oxygen,  and  we  obtain  from  magnesium  and 
water  magnesium  oxide  and  hydrogen,  we  are  again  led  to  the 
conclusion  that  water  is  composed  of  hydrogen  and  oxygen. 

29.  Steam  Passed  over  Hot  Iron. — ^An  entirely  analogous 
experiment  may  be  carried  out  with  iron  and  steam.    In  this 


Fig.  15 

case  iron  turnings  or  fine  iron  wire  is  strongly  heated  in  an  iron  or 
glass  tube  (Fig.  16).  When  steam  is  passed  through  the  tube, 
iron  oxide  and  hydrogen  are  produced,  a  result  which  leads  to  the 
same  conclusion  as  before  regarding  the  composition  of  water. 

30.  Magnesium  Burned  in  Carbon  Dioxide. — ^The  composi- 
tion of  carbon  dioxide  may  be  discovered  by  burning  magnesium 
in  this  gas.  We  find  that  magnesium  oxide  and  a  product 
resembling  charcoal  are  formed.  The  latter  substance  is  carbon, 
of  which  charcoal  is  a  nearly  pure  form.  We  conclude,  therefore, 
that  carbon  dioxide  is  composed  of  carbon  and  oxygen  or  is  a 
compoimd  of  carbon  and  oxygen. 

The  facts  already  considered  lead  to  the  conclusion  that  the 
red  ash  obtained  when  mercury  is  heated  gently  in  air  is  com- 
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|xi:>e(i  of  mercury  aod  oxj'gen ;  briefly,  that  it  is  a  compound  of 
uitrcury  and  oxygen^-a  fact  represented  by  the  chemical  name 
of  the  red  ash,  mercuric  oxide. 

31.  Elements. — The  substances  mercury,  oxygen,  hydrogen, 
Md  carbon  have  never  been  decomposed  into  simpler  substances. 
We  say  that  hydrogen  and  oxygen  are  the  elements  of  which 
water  is  composed;  that  carbon  and  oxygen  are  the  elements  com- 
posing carbon  dioxide. 

We  may  discover  of  what  elements  a  substance  is  composed  in 
two  ways:  either  by  the  decomposition  of  the  substance  into  the 


simpler  ones  which  compose  it — the  process  called  analysis,  or 
jr  causing  known  elements  to  unite  in  the  formation  of  the 
bal — the  process  called  synthesis.  As  a  result  of  the 
trolysis  of  water  we  have  concluded  that  water  is  composed 
Ibydrogen  and  oxygen.  This  conclusion  may  now  be  tested 
If  seeing  whether  water  can  be  obtained  from  hydrogen  and 
We  found  that  hydrogen  burns  readily.  If  we  burn 
^tof  hydrogen  under  an  inverted  funnel  and  draw  the  product 
through  a  cooled  U-tube,  as  in  the  experiment  with  the  candle. 
We  shall  find  that  liquid  water  collects  in  the  U-tube  and  that 
t  most  careful  search  fails  to  reveal  any  other  substance  as 
■  product  of  the  burning  oi  hydrogen  in  air  or  in  pure  oxygen, 
'  is,  therefore,  a  compound  of  the  elements  hydrogen  and 
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oxygen.  Since  the  burning  of  charcoal,  which  is  a  nearly  pure 
form  of  the  element  carbon,  gives  carbon  dioxide  and  nothing 
else,  we  know  that  carbon  dioxide  is  a  compound  of  the  elements 
carbon  and  oxygen, 

32.  The  Burning  of  Copper;  Copper  Oxide. — If  the  metal 
copper,  in  the  form  of  fine  wire  or  filings,  is  heated  in  air  or  in 
oxygen,  it  is  slowly  changed  into  a  black  substance  quite  different 
in  appearance  from  metallic  copper;  but  during  this  change  we 
do  not  observe  the  production  of  any  light.  By  means  of  the 
balance  we  may  find  that  the  black  substance  formed  is  heavier 
than  the  copper  taken,  and  we  at  once  suspect  that  the  copper 
has  united  with  oxygen  to  form  a  compound.  If  the  heating 
of  the  copper  had  been  carried  out  in  a  sealed  glass  vessel  con- 
taining oxygen,  as  in  the  earlier  experiment  with  iron  powder, 
it  would  have  been  found  that  gaseous  oxygen  had  disappeared 
and  that  the  weight  of  the  black  product  was  exactly  equal  to  the 
weight  of  the  copper  taken  plus  the  weight  of  the  gaseous  oxygen 
which  had  disappeared.  The  black  substance  would  seem,  there- 
fore, to  be  a  compound  of  copper  and  oxygen.  We  know  that 
when  the  red  mercury  oxide  is  strongly  heated  it  is  decomposed 
into  mercury  and  oxygen.  If  we  heat  the  black  product  from 
copper  to  the  highest  temperature  we  can  obtain  with  the  Bunsen 
burner,  we  find  that  it  remains  unaltered  in  weight  and  appear- 
ance and  that  no  oxygen  is  given  off.  This  fact  might  lead  us 
to  suspect  that  the  black  substance  is  not  a  compoimd  of  copper 
and  oxygen,  since  its  behavior  is  not  analogous  to  that  of  mercury 
oxide.  In  this  connection  the  following  experiment  will  prove 
of  interest. 

33.  Hydrogen  Passed  over  Hot  Copper  Oxide. — ^If  we  put  two 
or  three  grams  of  the  black  copper  product  in  a  porcelain  boat  in 
a  "hard**  or  difficultly  fusible  glass  tube,  heat  the  tube  and  con- 
tents by  means  of  a  Bunsen  flame,  and  then  pass  a  current  of 
hydrogen  through  the  tube,  we  observe  that  the  solid  glows  or 
seems  to  bum  (Fig.  17).  At  the  same  time  we  notice  that  liquid 
water  condenses  in  the  colder  part  of  the  glass  tube.  After  a  few 
minutes  the  glow  has  disappeared,  even  though  the  stream  of 
hydrogen  has  continued.    At  this  point  the  heating  may  be 
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discontinued  and  the  solid  which  is  left  in  the  boat  allowed  to 
cool  in  the  stream  of  hydrogen  gas.  We  now  observe  that  the 
solid  has  the  appearance  and  properties  of  metallic  copper,  which 
in  fact  it  is.  However,  the  copper  is  not  in  a  single  compact 
lump,  for  a  reason  which  must  be  evident.  Metallic  copper  can 
be  melted,  but  the  melting-point  is  a  very  much  higher  tempera* 
ture  than  that  attained  in  the  preceding  experiment.  Only  by 
heating  the  copper  to  a  point  above  this  melting  temperature 
could  the  material  be  obtained  in  a  single  lump.  This  could 
easfly  be  accomplished  by  directing  an  intense  blowpipe  flame 
upon  the  metal  particles  contained  in  the  porcelain  boat. 

We  may  now  consider  the  nature  of  the  changes  which  occured 
in  this  experiment.    Since  we  obtained  water  and  copper,  and 
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Fig.  17 

since  we  know  that  water  is  a  compound  of  the  element  hydrogen 
with  oxygen,  we  conclude  that  the  oxygen  was  originally  united 
with  the  copper  and  that  the  black  substance  must  have  been  a 
compoimd  of  copper  and  oxygen.  This  substance  is  called 
copper  oxide.  We  might  express  the  restdt  in  the  following 
simple  fashion:  Copper  Oxide+Hydrogen->Water+Copper;  or 
instead  of  "Water''  we  might  write  "Hydrogen  Oxide,"  the  true 
chemical  name  for  water.  This  statement  would  then  show  at 
a  glance  the  nature  of  the  chemical  change  which  had  occurred. 
34.  Discovery  of  the  Elements  Composing  a  Substance :  the 
Analysis  of  Malachite. — There  is  an  almost  innumerable  variety 
of  bodies  on  and  in  the  earth,  but  these  are  composed  of  a  very 
much  smaller  number  of  definite  chemical  substances.  However, 
the  number  of  definite  substances  is  still  very  great,  many 
thousands  having  been  carefully  described.  Otemistry  has  for 
i^  object  the  systematic  study  of  pure  substances,  their  properties. 
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mmi  ikd^  idmnm  iaward  ame  ampiker.    Happily  Ae  steady  of  this 
UHiiif  nv  mmihrr  of  sobstanoes  is  gmtlj  sinqilified  bjr  the  fact 
Aiat  ihty  sre  oB  wkBde  up  €f  a  rdaikdy  swi^  mmmiier  €f  tUamenis. 
Tbe  way  in  wliidi  the  dements  oooqnsing  a  snhstanre  of  on- 
known  couipoMtion  are  discovered  may  be  iDnstrated  by  means 
of  an  eapeiiment  with  the  mineral  known  as  ■■larMte,    Mala- 
chite is  a  beantifol  crystalline  substance  often  osed  as  an  orna- 
mental stone  and  also  as  one  of  the  sources  from  which  a  familiar 
metal  is  obtained.    If  we  place  in  a  test  tube,  fitted  with  a  cork 
and  a  bent  g^ass  tube,  a  few  grams  at  malachite  and  heat  the 
substance  gently  in  a  flame,  we  notice  that  a  diange  in  color 
from  green  to  bladL  occurs  and  at  the  same  time  that  water 
condenses  in  the  odder  part  of  the  g^ass  tube  and  a  gas  is  also 
given  off.    If  we  pass  this  gas  into  limewater  we  find  that  it 
bdiaves  like  carbon  dioxide,  which  in  fact  it  is.    By  means  of 
the  balance  we  mi^t  find  that  the  combined  weights  of  the 
carbon  dioxide,  water,  and  black  product  equal  the  weight  of 
the  original  malachite.    Since  we  know  of  what  elements  carbon 
dioxide  and  water  are  composed,  ^t  only  remains  to  find  the 
conqx>sition  of  the  black  substance  in  order  to  have  a  complete 
knowledge  of  the  elements  composing  malachite.    If  this  black 
substance  were  heated  in  a  stream  of  hydrogen,  it  would  be  found 
to  yield  water  and  a  red  metallic-looking  substance  which  could 
easily  be  recognized  as  copper.    Therefore,  the  black  substance 
must  have  been  copper  oxide.    The  results  may  then  readily 
be  interpreted.    Malachite  when  heated  is  decomposed  into 
carbon  dioxide,  water,  and  copper  oxide.    Knowing  as  we  do  the 
elements  composing  each  of  these  three  products,  we  are  led  to 
the  conclusion  that  malachite  is  a  compound  of  the  elemenis 
carbon f  oxygen,  hydrogen,  and  copper.    Chemists  have  so  far  been 
unable  to  decompose  copper  into  anything  simpler.    It  is, 
therefore,  known  as  an  elementary  or  simple  substance,  and  we 
say  that  malachite  is  a  compound  of  the  four  elements,  carbon, 
hydrogen,  oxygen,  and  copper. 

35.  Some  Common  Elements. — ^The  total  niunber  of  known 
elements  is  about  eighty-five,  of  which  less  than  thirty  are  com- 
mon.   In  the  following  partial  list  of  commoner  elements,  the 
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student  will  find  the  names  of  ten  or  twelve  familiar  metals. 
Carbon  and  sulfur,  which  are  well  known  to  everyone,  are  not 
metals;  they  are  classed  as  non-metals. 

A  FEW  COMMON  ELEMENTS 

•'Silver    ^■'      /*H3opper     -»*  <j^' Nickel  i- Carbon 

I^Gold     ^'*'     /v^  i/Lead         ^-  ,^, " Magnesium '    ''  ^Sulfur 

V  Platinum  ."^   ^i^Tin           •- -  i'-Zinc  ^  Oxygen 

.^Iron        '^  L     ^  Aluminum  *•  p^Merciuy       •a*  [Hydrogen  ' ' 


/ 
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^  CHAPTER  IV 

/  THE  LAW  OF  DEFINITE  COMPOSITION 

36.  The  Percentage  Composition  of  Water. — ^We  have 
ahready  seen  that  when  an  electric  current  was  passed  through 
water,  the  latter  was  decomposed  into  two  gases,  hydrogen  and 
oxygen.  It  was  found  that  the  volimie  of  the  hydrogen  was 
.  double  that  of  the  oxygen  obtained  in  the  electrolysis.  This  was 
not  a  matter  of  accident,  for  it  is  always  found  that  the  same 
restdt  is  obtained  whenever  water  is  electrolyzed.  Since  water 
is  composed  only  of  hydrogen  and  oxygen,  we  may  calctdate  the 
percentages  of  hydrogen  and  oxygen  by  weight  if  we  know  the 
weight  of  a  liter  of  each  of  these  gases.  Direct  weighing  of  the 
gases  has  shown  that  i  Uter  of  hydrogen  weighs  0.090  g.  and 
I  liter  of  oxygen  weighs  1.429  g.,  the  gases  being  weighed  at  o® 
and  76  cm.  pressure.  From  these  figures  it  is  easy  to  calculate 
that  water  is  composed  of  11. 2  per  cent  of  hydrogen  and  88.8 
per  cent  of  oxygen  by  weight.  Pure  water  prepared  from  any 
source  whatever  always  has  exactly  this  composition. 

The  percentage  composition  of  water  may  also  be  foimd  in 
another  way.  It  was  found  in  section  33  that  water  and  copper 
are  formed  when  hydrogen  is  passed  over  heated  copper  oxide. 
If  this  experiment  be  carried  out  with  a  weighed  quantity  of 
copper  oxide,  and  the  weight  of  copper  which  remains  after  the 
experiment  is  found,  the  diflferehce  in  the  two  weights  will  repre- 
sent the  weight  of  oxygen  contained  in  the  water  which  has  been 
formed.  If  the  weight  of  the  water  is  determined,  then  the 
percentage  of  oxygen  in  water  may  readily  be  calculated.  In 
this  case  we  find  precisely  the  same  result  as  that  given  in  the 
preceding  paragraph. 

The  details  of  the  experiment  are  as  follows. 
\y'^^7*  The  Quantitative  Synthesis  of  Water. — ^About  one  gram 
-^  v^        of  pure  copper  oxide  is  placed  in  a  weighed  porcelain  boat  and 
heated  sufficiently  to  drive  oflf  the  moisture  which  it  may  con- 
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bin.'  The  boat  and  contents  are  weighed  as  soon  as  cool  and 
placed  at  once  in  a  hafd  glass  tube.  This  tube  (Fig.  18)  is  con- 
nected at  each  end  with  U-tubes  filled  with  calcium  chloride,  a 
substance  that  absorbs  water  with  great  readiness.  One  of 
thtse  U-tubes  is  connected  with  a  source  of  hydrogen  gas  and 
iems  to  remove  all  moisture  (water  vapor)  from  the  hydrogen. 
K  other  U-tube  will  serve  to  absorb  the  water  formed  in  the 
mical  reaction  between  the  copper  oxide  and  the  hydrogen. 
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s  second  U-tube  is  accurately  weighed  at  the  beginning  of 
fc  experiment. 

!  UTien  all  is  ready,  the  stream  of  hydrogen  is  started  and  con- 
d  tuitil  all  air  is  driven  from  the  tubes.  The  tube  contain- 
nt  is  now  heated  until  the  reaction  begins,  and  kept  hot 
iyood  the  boat  to  prevent  the  condensation  of  the 
med,  which  is  carried  by  the  stream  of  hydrogen  into 
iweighed  U-tube. 

I  ftTien  all  the  copper  oxide  has  been  changed  into  copper  and 

•  water  has  all  been  driven  over  into  the  U-tube,  the  heating 

■discontinued  and  the  copper  allowed  to  cool  in  a  stream  of 

The  hydrogen  is  then  driven  out  by  a  stream  of  air, 

1  the  U-tube  detached  and  weighed.    The  object  in  repla- 

E  the  hydrogen  by  air  is  readily  understood  when  one  recalls 

il  hydrogen  is  far  lighter  than  air.     Therefore  the  weight  of 

e  tube  filled  with  hydrogen  would  be  appreciably  less  than 

Kit  is  filled  with  air.     The  increase  in  weight  is  the  weight 

I  the  water  formed.     The  boat  containing  the  copper  is  also 

pgbcd.    The  loss  in  weight  is  the  weight  of  oxygen  contained 


k 


2S  Inlroductum  to  General  Chemistry 

in  the  water  formed.    The  results  of  an  actual  experiment 
were  as  follows: 

Boat  and  copper  oxide g .  523  g. 

Boat 8,451  ■ 

Copper  oside i  .07a  g.  ^^H 

^^  Boat  and  copper. 9>3iig>  ^^H 

Wt  Boat 8.451  ^H 

^V  Copper a,86ag.  ^^^ 

^B  Tube  and  water i8.665g.  ^^H 

H  Tube 18.436  ^^1 

1  Water o.i39g.  <^^ 

Since  1.072  g.— 0.860 g.=o.jia  g.,  we  conclude  that  o.239g. 
of  water  was  formed  from  o.  2 1  s  g.  of  oxygen,  which  at  the  begin- 
ning was  in  combination  with  the  copper  in  the  form  of  copper 
oxide.  Therefore  water  consists  of  0.212  g.-i-o. 239 g.=o. 887 
=  88.7  per  cent  oxygen.  The  difference  between  the  weight 
of  water  formed  and  that  of  the  oxygen  used  is  the  weight  of 
hydrogen,  which  is  o.  239  g.— 0.212  g.  =0.027  g.  This  is  readily 
found  to  be  11.3  per  cent  of  the  weight  of  the  water.  Very 
carefully  performed  experiments,  made  in  this  way,  show  that 
water  contains  88 , 8  per  cent  by  weight  of  oxygen  and  1 1 . 2  per 
cent  of  hydrogen;  the  difference  of  o.i  per  cent  between  the 
values  found  in  the  lecture  experiment  quoted  and  those  ob- 
tained in  the  most  accurate  experiments  made  by  skilled  chemists 
working  with  greatest  care  and  under  ideal  conditions  is  due  to 
the  axperimental  errors  in  the  rather  crude  lecture  experiment. 
,>^38.  The  Percentage  Composition  of  Copper  Oxide. — It  is  also 
easy  to  see  that  we  may  find  the  percentage  composition  of  copper 
oxide  from  the  data  just  considered.  Thus  1.072  g.  of  copper 
oxide  gave  o,  860  g.  of  copper  by  loss  of  0.212  g.  of  oxygen;  from 
which  we  find  that  copper  oxide  is  composed  of  80.2  per  cent 
copper  and  19.8  per  cent  oxygen.  The  most  accurate  experi- 
ments made  in  this  way  give  79.9  per  cent  copper  and  20.1 
per  cent  oxygen,  the  difference  being  due  to  experimental  error 
in  the  lecture  experiment.  Pure  copper  oxide  always  has  exactly 
the  composition  shown  by  these  figures. 
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39.  The  Percentage  Composition  of  Carbon  Dioxide. — We 
have  found  that  carbon  in  the  form  of  charcoal  burns  readily  in 
aJi  or  in  oxygen  with  the  formation  of  a.  colorless  gas  called  carbon 
dioxide.  The  percentage  composition  of  carbon  dioxide  may 
be  hand  by  burning  a  known  weight  of  pure  carbon  in  oxygen 
gas  and  finding  the  weight  of  carbon  dioxide  formed.  It  will  be 
n'talled  that  carbon  dioxide  is  easijy  absorbed  by  solid  caustic 
-  s1a.  It  is  also  readily  absorbed  by  a  solution  of  caustic  potash 
m  water,  while  neither  oxygen  nor  air  is  absorbed  by  such  a  solu- 
tion. If  the  gases  formed  by  the  burning  of  carbon  in  a  stream 
ui  oxj'gcn  are  passed  through  a  suitable  bulb  containing  caustic 
poiash  solution,  all  of  the  carbon  dioxide  will  be  retained  by  the 
ulution  and  the  oxygen  will  pass  through  unabsorbed.  The 
ffloease  in  weight  of  the  bulb  will  represent  the  weight  of  the 
ntfaoo  dioxide  formed  by  the  burning  of  the  carbon. 


The  arrangement  of  the  apparatus  is  shown  in  Fig,  19, 
•^bout  o.  2  g.  of  pure  carbon,  made  from  sugar,  is  contained  in  a 
porcelain  boat  which  is  placed  in  a  hard  glass  tube  connected  at 
tine  end  with  a  supply  of  pure  oxygen  and  at  the  other  with  a 
otdum  chloride  tube  and  a  weighed  potash  bulb,  which  contains 
oper  cent  solution  of  caustic  potash.  The  middle  part  of  the 
s  should  contain  a  column  of  copper  oxide,  to  insure  the 
Jtlete  conversion  of  the  carbon  into  carbon  dioxide.  The 
I  chloride  tube  serves  to  catch  any  moisture  present. 
I  carbon  is  ignited  by  heating  the  tube  with  a  gas  burner; 
r  the  carbon  has  completely  burned  and  all  of  the  carbon 
gjde  formed  has  been  driven  over  into  the  potash  bulb  by 
Ittream  of  oxygen,  a  slow  stream  of  air  is  blown  or  drawn 
I  the  apparatus  to  replace  the  oxygen  by  air.  The 
|t1)ld3lt)s  then  detached  and  weighed-  In  an  actual  lecture 
nt  o.  194  g.  of  carbon  jnelded  o.  701  g.  of  carbon  dioxide; 
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from  which  we  find  that  this  gas  contains  27.6  per  cent  of  carbon 
and  724  per  cent  of  oxygen.  The  most  accurate  experiments 
of  skilled  chemists  shov:  the  correct  percentages  to  be  27.3  per 
cent  carbon  and  727  per  cent  oxygen. 

40.  The  Action  of  Sodium  on  Water:  Caustic  Soda. — It  is  a 
matter  of  importance  to  know  the  exact  percentage  composition 
of  pure  substances  and  a  great  variety  of  methods  must  be 
employed  in  the  making  of  such  determinations.  It  often 
happens  that  the  method  which  would  seem  to  be  most  direct 
and  desirable  is  not  practicable  because  the  violence  of  the  inter- 
action of  the  elements  which  we  bring  together  would  cause  loss 
of  some  of  the  material  taken.  This  may  be  illustrated  by  an 
experiment  with  the  element  sodium.  If  we  throw  a  piece  of 
this  metal  upon  water,  we  observe  that  the  action  is  a  violent 
one  which  ordinarily  ends  in  an  explosion  that  throws  part  of 
the  substance  out  of  the  beaker  in  which  it  was  contained.  We 
may  carry  out  the  same  reaction  without  loss  of  material  and 
obtain  precisely  tlie  same  product  if  the  piece  of  sodium  is 
exposed  to  water  vapor  instead  of  being  thrown  upon  liquid 
water.  In  this  case  the  reaction  requires  much  more  time,  but 
it  proceeds  quietly  and  without  loss  of  material.  The  white 
solid  so  obtained  is  caustic  soda. 

41.  The  Action  of  Hydrochloric  Acid  on  Caustic  Soda:  Com- 
mon Salt.—  If  we  add  to  a  solution  of  caustic  soda  contained  in  a 
beaker  a  sufiicient  amount  of  pure  hydrochloric  acid  and  evap- 
orate the  resulting  solution  to  dryness,  we  find  that  the  product 
is  one  with  which  we  are  well  acquainted.  It  is  nothing  more 
nor  less  than  common  salt,  and  if  the  materials  used  are  all  pure 
the  product  will  be  chemically  pure  salt.  We  discover  in  this 
way  that  the  metal  sodium  is  one  of  the  constituents  of  common 
salt.  In  fact,  metallic  sodium  may  be  obtained  by  the  elec- 
trolysis of  molten  salt,  although  this  is  not  the  most  satisfactory 
method  of  makmg  this  metal.  The  percentage  of  sodium  m  salt 
may  readily  be  found  if  the  weights  of  sodium  taken  and  of  salt 
obtained  arc  determined, 

42.  The  Percentage  of  Sodium  in  Common  Salt. — In  an 
actual  experiment  0.483  g.  of  metallic  sodium  was  weighed  in  a 
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[)cred  test  tube  (to  prevent  action  of  the  moisture  of  the  air) . 
The  sodium  was  placed  on  a  strip  of  silver  foil  which  rested  on  the 
edges  of  a  small  porcelain  dish  containing  about  10  c.c.  of  water, 
and  covered  with  a  beaker.  In  the  course  of  a  few  hours  the 
sodunn  had  reacted  completely  with  the  water  vapor  to  form  a 
solution  of  caustic  soda  which  dripped  into  the  dish.  A  little 
of  the  solution  adhering  to  the  foil  was  rinsed  into  the  dish  with 
1  little  water.  Sufficient  pure  hydrochloric  acid  was  then  added 
^nd  the  solution  evaporated  by  steam  heat  in  the  manner  shown 
II!  Fig,  20.  The  beaker  contained  ordinary  water.  By  this 
mwie  of  evaporation  of  the  solution  in  the  dish  we  avoid  loss  by 
-lettering  that  would  occur  if  we  should 
boil  the  solution  by  heating  the  dish 
ilircctly  with  the  flame.  \\Tien  the  salt 
appeared  to  be  dry,  the  dish  was  heated 
■in-  cautiously  with  the  direct  flame,  to 
irivc  off  the  small  amount  of  remaining 
uier.  When  cold,  the  dish  and  contents 
ere  weighed.  It  was  found  in  this  way 
'i:at  0.483  g.  of  sodium  gave  i.Jiy  g.  of 
itmimon  salt,  which  indicated  that  salt 
contains  39.7  per  cent  of  sodium.  The  correct  result  i 
per  cent. 

^43-  The  Electrolysis  of  Hydrochloric  Acid:  Chlorine. — It  is, 
[ouTse,  obvious  that  the  sodium  in  common  salt  must  be  com- 
i  with  one  or  more  elements  and  the  student  will  readily 
B  that  a  clue  to  the  other  constituents  of  common  salt  may 
ined  by  a  knowledge  of  the  constituents  of  hydrochloric 
If  we  pass  an  electric  current  through  a  concentrated  solu- 
I  of  hydrochloric  acid  contained  in  the  apparatus  shown  in 
r  21,  we  find  that  two  gaseous  products  are  obtained,  the 
mes  of  which  are  practically  equal.  One  of  these  is  colorless. 
l[  is  lighter  than  air  and  burns  with  a  hot  but  non-luminous 
iiime  and  in  so  doing  yields  water;  these  properties  show  the 
Wiess  gas  to  be  hydrogen.  The  other  gas  is  pale  yellow  in 
Ir;  it  is  heavier  than  air,  one  liter  weighing  3.22  g.,  and  has 
:dingly  disagreeable,  irritating  odor.    This  gas  is  known 
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^^  fact 

^P  comn 

^K,         sodiu 


as  chlorine.     Inasmuch  as  chlorine  has  never  been  separated 
into  simpler  substances,  we  conclude  that  it  is  an  element. 

44.  The  Union  of  Hydrogen  and  Chlorine:  Hydrogen 
Chloride  Gas. — Since  the  hydruchloric  acid  which  was  elec- 
trolyzed  contained  water,  we  should  not  be  warranted  in  con- 
cluding that  hydrogen  is  a  constituent  of  hydrochloric  acid; 
for,  as  we  know,  hydrogen  is  also  one  of 
the  constituents  of  water.  If  we  bring 
together  equal  volumes  of  the  gases 
hydrogen  and  chlorine  and  allow  them 
to  mix,  and  if  we  allow  the  vessel  to 
stand  in  diffused  light  for  a  day  or 
two,  we  notice  that  the  yellow  color 
of  the  chlorine  has  disappeared.  We 
find  that  a  colorless  gas  remains  which 
dissolves  with  the  greatest  ease  in 
water,  and  that  neither  hydrogen  nor 
chlorine  is  left.  Since  water  which  has 
dissolved  the  gas  has  all  of  the  proper- 
ties of  a  solution  of  pure  hydrochloric 
acid,  we  interpret  the  results  as  show- 
ing that  equal  volumes  of  hydrogen 
and  chlorine  gases  combine  to  form 
a  new  gas  which  wc  call  hydrogen 
chloride  gas,  and  that  the  latter  when 
dissolved  in  water  constitutes  hydro- 
chloric acid.  Hydrogen  chloride  gas  may  be  distinguished  from 
the  other  gases  which  wc  have  met  in  several  ways,  notably  by 
its  marked,  choking  odor,  by  the  fact  that  it  fumes  or  gives  a 
white  cloud  in  moist  air,  and  it  dissolves  with  great  ease  in 
water,  as  well  as  in  several  other  ways. 

45.  Salt  a  Compound  of  Sodium  and  Chlorine. — -The  fact  that 
hydrochloric  acid  is  known  to  be  a  compound  of  chlorine  suggests 
that  common  salt  may  also  contain  this  element.  This  is  in 
fact  the  case.  It  can  readily  be  shown  by  experiment  that 
common  salt  results  from  the  union  of  chlorine  gas  with  metallic 
sodium.     Inasmuch  as  nothing  else  is  needed   and   no  other 
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product  than  salt  is  formed,  we  must  conclude  that  salt  is  a 
compound  of  the  elements  sodium  and  chlorine.  Tliijs  fact  is 
inJicated  by  the  chemical  name  of  common  salt,  sodium 
chloride.  Since  salt  contains  39.4  per  cent  of  sodium,  the 
percentage  of  chlorine  must  be  60.6. 

46.  The  Law  of  Definite  Composition.— The  preceding  para- 
gniphs  of  this  chapter  are  intended  to  illustrate  how  we  may 
irtivc  at  a  knowledge  of  the  nature  and  percentage  by  weight 
li  each  clement  entering  into  the  composition  of  a  pure  substance. 
It  is  possible,  by  well-known  methods,  to  do  this  for  all  pure 
substances.  As  a  result  of  countless  thousands  of  such  quantita- 
tive experiments  made  by  chemists,  the  conclusion  has  been 
tetcbcd  that  tlie  percentage  composilion  of  every  pure  substance 
isprrfectly  dejinitejor  that  substance  and  is  found  to  be  the  same 
by  whatever  method  we  may  make  the  determination.  This  is 
one  of  the  most  important  laws  of  chemistry.  It  is  usually 
spoken  of  as  the  Law  of  Definite  Composition  or  of  Definite 
Prc^rtions.  This  explains  why  a  pure  substance  always  has 
Wnite  properties,  from  whatever  source  it  may  be  obtained. 

47.  Hydrogen  and  Its  Gaseous  Compounds. — We  have 
ilrcady  become  acquainted  with  hydrogen  and  one  of  its  gaseous 
(ompounds  hydrogen  chloride,  a  water  solution  of  which  is 
Uown  as  hydrochloric  acid.  Hydrogen  forms  many  compounds 
*liich  are  gaseous  at  ordinary  temperatures.  We  shall  now  take 
upa  study  of  some  of  these,  with  the  object  in  view,  first,  of  dis- 
Wcring  the  nature  of  the  other  element  combined  with  the 
'lydrdgen;  secondly,  of  discovering  the  percentage  composition; 
uil.  finally,  of  disclosing  a  very  remarkable  relation  between  the 
•eights  of  hydrogen  contained  in  equal  volumes  of  these  gases. 

4S.  Hydrogen  Chloride. — We  have  found  that  equal  volumes 

of  hydrogen  and  chlorine  combined  to  form  hydrogen  chloride 

SSi.    Since  we  know  that  i  liter  of  hydrogen  weighs  0.090  g. 

sBtl  that  I  liter  of  chlorine  weighs  3 .  220  g.,  we  find  by  calcula- 

p  that  hydrogen  chloride  contains  2. 76  per  cent  by  weight  of 

By  direct  weighing  of  pure  hydrogen  chloride  gas 

kfound  that  I  liter  weighs  1.642  g.     Since  2.76  per  cent  of 

Ml  g,  b  0.045  g--  >l  follows  that  I  liter  of  h^'drogen  chloride 
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gas  contains  0.045  g.  *'f  combined  hydrogen.  It  has  already 
been  slated  that  i  liter  of  hydrogen  gas  weighs  0,090  g.,  which 
weight  we  see  is  exactly  double  the  weight  0/  hydrogen  in  i  liter  of 
hydrogen  c/iloride  gas.       ,■     ■■       '; 

49.  Acetylene:  a  Compotind  of  Carbon  and  Hydrogen. — 
Let  us  next  consider  the  gas  acetylene  which  is  extensively  used 
for  illumination.  This  gas  is  obtained  by  allowing  water  to 
drop  on  calcium  carbide.  We  find  that  it  is  a  colorless  gas  with 
a  peculiar  odor.  Everyone  knows  that  it  burns  in  air,  giving  an 
exceedingly  bright  flame.  If  we  collect  and  test  the  products 
coming  from  the  acetylene  flame  we  find  carbon  dioxide  and 
water.  We  find  the  same  products  and  no  others  when  acetylene 
is  burned  in  pure  oxygen  gas.  and  therefore  conclude  that  carbon 


and  hydrogen  are  constituents  of  acetylene;  but  the  experiment 
obviously  does  not  decide  whether  oxygen  is  or  is  not  also  a 
constituent  of  acetylene.  This  question  could  be  decided  if  we 
knew  the  percentages  of  carbon  and  hydrogen  in  the  gas. 

50.  The  Analysis  of  Acetylene.— We  may  find  the  per- 
centages of  carbon  and  hydrogen  by  means  of  the  following 
experiment.  A  tube  of  hard  glass  a  centimeter  or  more  in 
diameter  and  30  cm.  long  (Fig.  22)  is  partly  filled  with  pure  dry 
copper  oxide.  The  tube  is  then  heated  red  hot  and  a  measured 
volume  of  acetylene  at  a  known  temperature  and  pressure  is 
caused  to  pass  through  the  tube  and  over  the  heated  copper 
oxide.  It  is  found  that  carbon  dioxide  and  water  are  formed 
and  that  part  of  the  copper  oxide  is  changed  into  metallic  copper. 
A  U-tube  filled  with  calcium  chloride,  for  the  absorption  of  the 
water  formed,  is  attached  to  the  exit  of  the  hard  glass  tube. 
Beyond  this,  attached  by  rubber  tubing,  we  have  a  bulb  contain- 
ing caustic  potash  solution  to  absorb  the  carbon  dioxide.    After 
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all  of  the  acetylene  has  been  driven  over  into  the  combustion 
lulje  holding  the  copper  oxide,  by  allowing  mercury  from  the 
studied  reservoir  slowly  to  displace  the  acetylene,  a  slow  stream 
of  pure  dry  oxygen  is  passed  into  the  combustion  tube  to  insure 
the  complete  burning  of  the  carbon  of  the  acetylene.  Finally, 
the  oxygen  is  displaced  by  r,  stream  of  air. 

The  increase  in  weight  of  the  calcium  chloride  tube  represents 
the  weight  of  water  formed.     Simii.;rly  the  increase  in  weight 
<A  the  caustic  potash  bulb  represents  the  weight  of  carbon  dioxide 
itained.    Now  we  know  that  water  contains  1 1 . 2  per  cent  of 
Irogen  and  that  carbon  dioxide  contains  27.3  per  cent  of 
We  may  then  calculate  the  weights  of  hydrogen  and 
rbon  corresponding  to  the  weights  of  water  and  carbon  dioxide 
^•btained.     If  we  know  that  i  Uter  of  acetylene  under  standard 
conditions,  that  is,  at  0°  and  76  cm.  P,  weighs  i .  190  g.,  we  have 
ill  the  data  needed  to  enable  us  to  calculate  the  percentages  of 
hydrogen  and  carbon  in  acetylene.     In  an  actual  lecture  experi- 
■•aent  200 c.c.  of  pure  dry  acetylene  at  18°  and  75,4cm.  gave 
^^^150 g.  of  water  and  0.751  g.  of  carbon  dioxide.     From  the 
^Hatta  above  we  find  that  the  weight  of  the  acetylene  taken  was 
'      J-Ua  g.,  and  that  the  weights  of  hydrogen  and  carbon  contained 
ittthc  w-ater  and  carbon  dioxide  respectively  were  0.0168  g.  and 
g.,  respectively.     Therefore  acetylene  contains  (according 
lis  analysis)  7.5  per  cent  of  hydrogen  and  92.3  per  cent  of 
The  correct  percentages  are  7.7  and  92.3  respectively; 
ance  the  sum  of  these  percentages  is  100,  we  know  that 
i%en  and  carbon  are  the  only  elements  contained  in  acetylene. 
ay  also  calculate  from  the  same  data  the  weight  of  corn- 
hydrogen  in  one  liter  of  acetylene  under  standard  condi- 

We  find  in  this  way  0,090  g.  of  hydrogen. 

,  Ammonia. — Let  us  next  take  up  the  study  of  ammonia. 

I  household  ammonia,  which  is  familiar  to  everyone,  is  a 

in  water  of  the  substance,  ammonia,  which  is  a  gas  at 

temperature  and  pressure.     If  we  warm  such  a  solution 

looia,  a  gas  haying  an  intense  odor  is  given  off.     When 

ammonia,  is  strongly  compressed,  it  condenses  to  a 

liquid  which  we  speak  of  as  liquid  ammonia.     This  is 
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a  commercial  article  which  is  shipped  in  heavy  steel  cylinders  six 
feet  long  and  a  foot  in  diameter.  The  liquid  ammonia  exists 
under  considerable  pressure  in  such  cylinders.  If  the  valve  of 
the  cylinder  is  opened  gaseous  ammonia  escapes.  We  may  use 
a  small  cylinder  of  liquid  ammonia  as  a  convenient  source  of 
ammonia  gas. 

If  we  fill  a  glass  cylinder  with  mercury,  invert  it  in  a  dish  of 
mercury,  and  allow  ammonia  gas  to  escape  under  the  mouth  of 
the  cylinder,  the  mercury  is  displaced  by  the  ammonia  gas.  We 
notice  that  the  gas  is  invisible,  like  air.  It  is  to  be  distinguished 
from  air,  however,  by  its  intense  odor,  as  well  as  in  other  ways. 
If  we  dip  the  mouth  of  the  cylinder,  which  has  been  closed  by  a 
glass  plate,  into  a  vessel  of  water,  we  find  that  the  water  rushes 
into  the  cylinder  almost  as  readily  as  if  the  space  were  a  vacuum. 
An  examination  of  the  water  now  shows  that  it  has  new  prop- 
erties. The  water  now  has  the  odor  of  ammonia,  it  has  a 
peculiar  disagreeable  taste,  and  changes  the  color  of  inmiersed 
red  litmus  paper  blue.  If  we  bring  a  burning  candle  into  a 
cylinder  of  ammonia  the  flame  of  the  candle  is  extinguished  but 
the  ammonia  does  not  take  fire.  These  properties  distinguish 
ammonia  from  oxygen,  hydrogen,  and  acetylene. 

52.  Ammonia  a  Compound  of  Nitrogen  and  Hydrogen. — ^We 
may  now  inquire.  What  is  the  chemical  composition  of  ammonia? 
Is  it  an  elementary  substance  or  a  compound,  and,  if  a  compound, 
of  what  elements  is  it  composed?  If  ammonia  gas  is  passed 
through  a  heated  glass  tube  containing  copper  oxide  we  observe 
that  a  colorless  liquid  condenses  in  the  cold  part  of  the  tube. 
This  liquid  proves  to  be  water.  We  find  also  that  a  colorless, 
odorless  gas  is  formed.  If  we  pass  this  gas  into  limewater  we 
observe  no  result  and  conclude,  therefore,  that  this  gas  is  not 
carbon  dioxide.  We  find  that  the  gas  is  not  appreciably  soluble 
in  water,  so  that  it  cannot  be  unchanged  ammonia  gas.  If  we 
test  the  gas  with  a  burning  candle  we  find  that  it  neither  bums 
nor  supports  combustion.  The  student  will  doubtiess  recall 
(10)  that  this  gas  has  just  those  properties  which  the  portion 
of  the  air  left  after  the  removal  of  oxygen  by  mercury  or  phos- 
phorus possesses.    It  would  seem,  therefore,  to  be  nitrogen. 
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"he  identity  of  the  gas  with  nitrogen  is  confirmed  by  a  deter- 
mination of  the  density;  whereupon  it  is  found  that  a  liter 
weighs  i.25ig.  Since  water  and  copper  were  formed  from 
ammonia  and  copper  oxide,  we  conclude  that  ammonia  has 
furnished  the  hydrogen  which  united  with  the  oxygen  supplied 
by  the  copper  oxide  to  form  the  water  obtained  in  the  preceding 
experiment.  Ammonia  must  be  a  compound  containing  nitrogen 
and  hydrogen.  It  has  been  shown  in  many  ways  by  experiments, 
vbicb  we  need  not  consider  at  present,  that  nitrogen  and  hydro- 
0  are  the  only  constituents  of  ammonia. 

53.  The  Percentage   Composition  of  Ammonia. — The  per- 
iOtage  of  hydrogen  in  ammonia  may  be  found  by  carrying 

Wvut  the  experiment  above  described  with  a  known  volume  of 
'•mmonia  measured  at  a  known  temperature  and  pressure.  If 
we  cause  the  ammonia  to  pass  through  the  heated  copper  oxide 
tube,  driving  out  water  vapor  completely  by  means  of  air  after 
all  of  the  ammonia  has  passed  into  the  tube,  and  if  the  products 
Me  caused  to  pass  through  a  calcium  chloride  tube  connected 
to  the  copper  oxide  tube  as  in  the  determination  of  the  composi- 
tion of  acetylene,  the  increase  in  weight  of  the  calcium  chloride 
lube  gives  us  the  weight  of  water  formed  from  the  hydrogen  of 
the  ammonia  used.  Knowing  as  we  do  the  percentage  of  hydro- 
gen in  water,  if  we  know  the  weight  of  a  liter  of  ammonia  gas 
(0.772  g.)  we  may  calculate  the  percentage  of  hydrogen  in 
ammonia  and  also  the  weight  of  combined  hydrogen  in  i  liter  of 
ammonia  gas  measured  under  standard  conditions.  We  find 
this  latter  weight  to  be  o.  135  g. 

54.  Methane,  Another  Compound  of  Carbon  and  Hydro- 
gen.— The  chief  component  of  natural  gas  is  a  substance  called 
methane.  This  same  gas  methane  often  escapes  in  bubbles  when 
the  decajing  vegetable  matter  in  marshes  is  disturbed.  For  this 
reason  methane  is  also  known  as  marsh  gas.  We  may  prepare 
methane  artificially  in  the  laboratory  by  methods  which  we  need 
not  now  discuss.  It  may  be  collected  over  water,  as  its  solu- 
bility in  water  is  slight.  We  note  that  it  is  a  colorless  gas,  that 
it  is  lighter  than  air,  since  the  gas  will  escape  rapidly  from  an 
open  cylinder  when  the  mouth  of  the  cylinder  is  turned  upward. 
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but  will  not  escape  if  the  mouth  is  downward.  One  liter  of 
methane  weighs  0.721  g.,  which  is  but  little  more  than  half  of 
the  weight  of  the  same  volume  of  air.  If  we  bring  a  lighted 
candle  into  a  cylinder  of  methane  we  find  that  the  gas  bums 
with  a  slightly  limiinous  flame  but  that  the  candle  flame  is 
extinguished. 

55.  The  Quantitative  Analysis  of  Methane. — If  we  examine 
the  products  of  combustion  from  a  methane  flame  we  find  water 
and  carbon  dioxide,  from  which  we  know  that  methane  is  a  com- 
pound of  carbon  and  hydrogen  with  or  without  other  elements. 
We  may  determine  the  quantitative  composition  of  methane  by 
precisely  the  same  method  as  that  us^  for  the  quantitative 
analysis  of  acetylene,  whereupon  we  find  that  methane  contains 
75.0  per  cent  of  carbon  and  25.0  per  cent  of  hydrogen  by  weight. 
Since  the  sum  of  these  percentages  is  100  we  know  that  methane 
must  contain  only  the  elements  carbon  and  hydrogen.  From  the 
data  obtained  in  the  analysis  of  methane  we  may  also  calculate 
that  I  liter  of  methane  under  standard  conditions  contains 
o.  180  g.  of  combined  hydrogen. 

56.  The  Weight  of  Hydrogen  in  One  Liter  of  Gaseous  Hydro- 
gen Compounds. — By  a  study  of  the  composition  of  the  four 
gases,  hydrogen  chloride,  acetylene,  aramonia,  and  methane,  as 
well  as  of  hydrogen  itself,  we  have  found  the  weight  of  hydrogen 
in  I  liter  of  each.  These  results  may  now  be  tabulated  as  in 
Table  II.    An  inspection  of  the  results  given  in  the  table  reveals 

TABLE  II 

Hydrogen  chloride 0.045  g-  •  V 

Hydrogen o .  090    -    '^ 

Acetylene o. 090     "  "^ 

Ammonia o .  135     "^  ^ 

Methane o .  180 

a  remarkable  fact.  The  weight  of  hydrogen  in  i  liter  of  hydrogen 
chloride  is  less  than  that  in  any  other  case.  The  weight  per  liter 
of  hydrogen  gas  itself  is  double  the  weight  of  hydrogen  in  1  liter  of 
hydrogen  chloride.  Likewise  the  weight  of  hydrogen  in  i  liter  of 
acetylene  is  exactly  equal  to  the  weight  of  a  liter  of  free  hydrogen  and 
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also  double  the  weight  of  hydrogen  in  i  liter  of  hydrogen  chloride. 
The  weight  of  hydrogen  in  i  liter  of  ammonia  is  three  times  that  in 
I  liter  of  hydrogen  chloride,  while  in  the  case  of  methane  the  weight 
0}  hydrogen  per  liter  is  four  times  the  weight  of  this  element  in  the 
same  volume  of  hydrogen  chloride. 

If  we  consider  the  weight  of  hydrogen  in  a  liter  of  hydrogen 
chloride  as  unity,  we  find  that  the  weights  in  the  same  volumes  of  the 
other  gases  are  expressed  by  the  numbers  2,  j,  or  4.  It  is  obvious 
that  the  relations  we  discussed  would  also  hold  equally  well  if 
we  dealt  with  weights  of  hydrogen  contained  in  any  other  fixed 
volume,  as  a  cubic  foot  or  a  cubic  meter.  We  could  express  the 
facts  by  saying  that  the  weight  of  hydrogen  contained  in  a  fixed 
Tolufne  of  any  of  these  gases  is  in  each  case  a  multiple  of  the  mini- 
mum weight,  which  is  found  in  the  case  of  hydrogen  chloride  gas. 
Since  i  liter  of  hydrogen  chloride  gas  contains  0.045  g-  ^f  hydro- 
gen, ig.  of  combined  hydrogen  would  be  contained  in  22.4 
liters'  of  hydrogen  chloride.  In  the  same  volume  of  the  other  gases 
Oie  weights  of  hydrogen  would  be  2  g,,  j  g.,  or  4  g. 

*  In  reality  i-s- 0.045  gives  22 . 2  instead  of  the  correct  value  22.4  liters.  The 
<fiscitpancy  is  caused  by  the  fact  that  the  numbers  used  are  only  approximate. 
This  subject  is  disciissed  further  in  section  222. 


CHAPTER  V 

SYMBOLS  AND  CHEMICAL  F0RMX7LAS 

57.  Gaseous  Carbon  Compounds. — ^We  may  now  inquire 
whether  the  remarkable  relations  between  the  weights  of  hydro- 
gen in  equal  volumes  of  compounds  of  hydrogen  hold  good  in  the 
case  of  compoimds  of  other  elements.  We  have  already  studied 
three  gaseous  compoimds  of  carbon:  carbon  dioxide,  acetylene, 
and  methane,  and  have  seen  how  the  percentage  composi- 
tion of  each  is  determined.  Before  discussing  the  results  so 
obtained,  let  us  consider  two  new  gaseous  compounds  of  carbon: 
propane  and  trimethylamine. 

58.  Propane:  a  Compound  of  Carbon  and  Hydrogen. — 
Propane  is  found  in  small  amounts  in  the  natural  gas  of  some 
wells  and  also  dissolved,  in  small  quantities,  in  crude  petroleum. 
It  may  also  be  obtained  artificially  by  methods  well  known  to  the 
chemist,  the  nature  of  which  we  need  not  now  consider.  We 
observe  that  propane  is  a  colorless,  odorless  gas  which  is  some- 
what heavier  than  air,  i  liter  under  standard  conditions  weighing 
1 .  97  g.  We  find  that  propane  resembles  methane  in  its  chemi- 
cal behavior,  since  it  extinguishes  a  burning  candle  but  takes 
fire  itself  at  the  same  time,  burning  with  a  slightly  luminous 
flame  and  yielding  carbon  dioxide  and  water  as  the  only  products 
of  combustion.  The  analysis  of  propane  may  be  carried  out  in 
precisely  the  same  manner  as  our  analysis  of  methane  and  acety- 
lene. We  find  in  this  way  that  propane  contains  81 .8  per  cent 
of  carbon  and  18.2  per  cent  of  hydrogen.  Since  the  sum  of  these 
percentages  is  100,  it  follows  that  carbon  and  hydrogen  are  the 
only  constituents  of  propane. 

59.  Trimethylamine:  a  Compound  of  Carbon,  Hydrogen,  and 
Nitrogen. — Trimethylamine  is  a  colorless  gas  about  twice  as 
heavy  as  air,  i  liter  weighing  2 .  65  g.  Its  odor  is  very  powerful 
and  somewhat  disagreeable,  but  if  inhaled  in  small  quantities  the 
gas  is  not  poisonous  nor  irritating,  as  is,  for  example,  chlorine  gas. 
The  odor  is  that  of  decaying  fish.    In  fact,  the  gas  can  be 

40 
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'i^iiJLii  from  products  separated  trom  herring  brine.     Wc  find 

i-iut  the  gas  is  very  easily  soluble  in  water  and  that  the  solution 

'urns  red  litmus  paper  blue,  just  as  ammonia  does;   but  the  gas 

m.iy  be  distinguished  from  ammonia  by  the  fact  that  it  will  burn, 

'vhercas  ammonia  will  not.     It  is  easy  to  discover  that  water  and 

irbon  dioxide  are  formed  when  trimethylamine  is  burned  in  air 

iji  in  oxygen.     If  we  pass  trimethylamine  through  a  tube  con- 

uining  heated  copper  oxide  we  obtain,  in  addition  to  water  and 

carbon  dioxide,  a  colorless,  odorless,  incombustible  gas  which  can 

lasily   be  identified   as  nitrogen.     These  facts  show  that  tri- 

melhylamine  contains  the  elements  carbon,  hydrogen,  and  nitrogen. 

We  could  determine  the  percentages  of  carbon  and  hydrogen  by 

finding  the  weights  of  carbon  dioxide  and  water  formed  by  the 

action  of  the  gas  on  hot  copper  oxide,  as  in  analyses  previously 

made.     Wc  might  also  find  the  percentage  of  nitrogen  by  finding 

the  volume  of  nitrogen  which  we  could  obtain  from  a  known 

vnlume  of  the  gas.     The  percentages  of  carbon,  hydrogen,  and 

nitrogen  would  be  found  to  be  61.0,  15.3,  and  23.7  respectively. 

60.  The  Weights  of  Carbon  in  i  Liter  and  in  23.4  Liters  of 

Gaseous  Carbon  Compounds. — Let  us  now  consider  the  facts 

presented  in  Table  III.    The  weight  of  1  liter  and  the  percentage 

TABLE  HI 
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of  carbon  in  each  of  the  five  gaseous  compounds  of  carbon  we 
have  studied  are  given  in  the  first  and  second  columns  of  figures, 
e  product  of  the  weight  of  i  liter  of  a  gas  by  the  percentage  of 
1  it  contains  gives  the  weight  of  combined  carbon  in  i  liter. 
!  products  are  given  in  the  third  column.  The  weights  of 
1  in  32.4  liters,  as  given  in  the  last  column,  are  found  by 
plying  the  corresponding  weights  in  the  third  colunm  by 


I 
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We  see  by  a  glance  at  the  last  column  of  the  table  that  22,4 
liters  of  carbon  dioxide  and  methane  contain  12  g.  of  combined 
carbon,  that  the  same  volume  of  acetylene  contains  24  g.  of 
carbon,  while  the  weight  of  combined  carbon  in  22.4  liters  of 
propane  and  trimethylamine  is  36  g.,  and  therefore  that  tke 
weight  of  carbon  in  22.4  liters  of  any  0/  these  gases  is  either  one, 
two,  or  three  limes  12  g.  In  the  case  of  gaseous  hydrogen  com- 
pounds, we  found  that  the  weight  of  hydrogen  was  either  one, 
two,  three,  or  four  times  i  g.,  which  was  the  minimum  weight 
of  this  element  found  in  any  case.  We  thus  find  that  in  22.4 
liters  of  various  pure  gases  ilie  minimum  weight  of  hydrogen  is  i  g. 
and  the  minimum  weight  of  carbon  12  g.,  and,  further,  that  if  a 
greater  weight  of  eitiier  of  these  elements  is  contained  in  this  volume 
of  any  pure  gas,  the  weight  is  a  multiple  of  the  minimum  weight 
by  a  small  whole  number. 

Let  us  now  consider  the  weights  of  carbon  and  hydrogen 
contained  in  22.4  liters  of  the  three  gaseous  compounds  which 
contain  only  carbon  and  hydrogen,  namely,  methane,  acetylene, 
and  propane.  In  22.4  liters  of  methane  we  find  12  g.  of  carbon 
combined  with  4  g.  of  hydrogen.  In  the  same  volume  of  acety- 
lene, 24  g.  of  carbon  combined  with  2  g.  of  hydrogen,  and  in  the 
case  of  propane  36  g.  of  carbon  combined  with  8  g.  of  hydrogen. 
Without  considering  at  present  the  theoretical  significance  of 
the  remarkable  facts  which  these  figures  show,  we  may  consider 
a  practical  application  of  the  facts  which  will  enable  us  to  express 
the  composition  of  these  gases  in  a  simple  fashion. 

The  student  must  realize  that  since  we  have  three  compounds 
all  consisting  of  carbon  and  hydrogen  and  having  different  prop- 
erties, the  difference  in  percentage  composition  must  be  an 
important  factor  in  determining  the  properties  of  the  substance. 
He  will  also  understand  that  a  knowledge  of  the  percentage  com- 
position is  a  matter  of  prime  importance  for  the  chemist,  and  that 
any  scheme  by  means  of  which  a  knowledge  of  the  composition 
by  weight  could  be  easily  memorized  would  be  important. 

6i.  Symbols. — Suppose  we  represent  i  g.  of  hydrogen  by  a 
sign  or  symbol  and  choose  the  letter  H  for  this  purpose.  We 
could,  then,  represent  by  H  taken  four  times  the  weight  of  hydro- 
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contained  in  32.4  liters  ot  methane;  by  H  taken  twice,  or 
jH,  tiie  amount  of  hydrogen  in  22.4  liters  of  acetylene;  and 
similarly  by  8H,  the  amount  of  hydrogen  in  22 . 4  liters  of  propane. 
Suppose  that,  on  the  other  hand,  we  represent  1 2  g,  of  carbon  by 
the  sign  or  symbol  C,  then  C,  2C,  and  3C  will  represent  the 
wdghts  of  carbon  in  22.4  liters  of  methane,  acetylene,  and 
ne  respectively.  The  weights  of  carbon  and  hydrogen  in 
,4  liters  of  methane  may  then  be  represented  by  writing  iC 
with  4H.  As  a  matter  of  convenience  the  multiples  i 
the  C  and  4  for  the  H,  are  written  as  subscripts;  so  that 
instead  of  iC  and  4H  we  write  CiH,.  Li  practice  no  subscript 
is  used  when  the  multiple  is  i.  The  composition  of  methane  is 
rqiresented  simply  by  CHj. 

62.  Chemical  Formulae. — In  a  similar  way  we  may  represent 
weights  of  carbon  and  hydrogen  in  22.4  liters  of  acetylene  by 
while  the  composition  of  the  same  volume  of  propane  may 
iresented  by  CjHg.  We  call  H  the  symbol  for  hydrogen,  and 
the  present  we  may  consider  that  H  or  iH  represents  i  g. 
lydrogen  and  similarly  that  C,  the  symbol  for  carbon,  repre- 
12  g.  of  that  element.  We  call  the  expressions  CH„  CjH,, 
Cfti*  the  formulae  of  methane,  acetylene,  and  propane 
lively.  We  shall  now  proceed  to  show  how  this  system 
iy  be  extended  to  all  gaseous  compounds  of  any  element  what- 


Chemists  are  familiar  with  a  large  number  of  gases  in  addi- 

n  to  those  which  we  have  already  studied.     Some  of  these  are 

piuch  practical  importance  while  others  are  chiefly  of  interest 

e  chemist  for  scientific  reasons.     In  every  case  it  is  a  simple 

ler  to  determine  the  weight  of  i  liter  of  the  gas  under  stand- 

I  conditions,  the  method  of  making  the  determination  being 

Entjally  the  same  in  all  cases.     Furthermore,  by  methods 

Sch  are  well  known  to  chemists  we  may  determine  what  ele- 

Dts  compose  any  gas,  and  by  means  of  a  quantitative  analysis 

■  may  determine  the  percentage  of  each  element  in  the  gas. 

arc  calculate  in  the  case  of  each  gas  the  weight  of  each  element 

i  in  22.4  liters  of  the  gas.  we  obtain  results  like  those 

11  in  Table  IV. 
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63.  The  Minimum  Weights  of  Oxygen,  Nitrogen,  and 
Chlorine. — ^An  inspection  of  the  results  given  in  Table  IV  shows 
that  the  same  regularity  in  the  weights  of  hydrogen  and  carbon 
holds  in  all  cases,  as  we  have  observed  it  to  hold  in  the  few  cases 
discussed  in  the  preceding  paragraphs.  We  notice  also  that  the 
minimum  weight  of  oxygen  in  22.4  liters  of  any  of  its  gaseous 

TABLE  IV 
Weights  of  Constituents  in  22.4  Lite&s  of  Gases 


Substance 


Oxygen 

Carbon  monoxide . . 
Carbon  dioxide .... 

Nitrous  oxide 

Nitric  oxide 

Nitrosyl  chloride . . . 
Hypochlorous  oxide. 
Chlorine  dioxide. . . 

Phosgene 

Methyl  ether 

Hydrogen 

Hydrogen  chloride. . 

Prussic  add 

Ammonia 

Methane 

Acetylene 

Ethylene 

Ethane 

Propylene 

Propane 

Methyl  chloride 

Ethyl  chloride 

Metiiylamine 

Nitrogen 

Cyanogen 

Cvanogen  chloride. . 

Chlorine 

Trimethylamine. . . . 


Oxygen 


2Xi6 
1X16 
2X16 
1X16 
1X16 
iXi6 
1X16 
2X16 
1X16 
1X16 


Hydrogen 


6X1 
2Xl 
iXi 
iXi 
3X1 
4X1 
2X1 
4X1 
6X1 
6X1 
8X1 
3X1 
5X1 
5X1 


9X1 


Carbon 


Nitrogen 


1X12 
1X12 


1X12 
2X12 


1X12 

1X12 
2X12 
2X12 
2X12 
3X12 
3X12 
1X12 
2X12 
1X12 


2X12 
1X12 


3X12 


2X14 
1X14 
1X14 


IXI4 
1X14 


1X14 
2X14 
2X14 
1X14 


1X14 


Chlorine 


1X35  5 
2X35  5 
1X35.5 
2X35  5 


1X35  5 


1X35  5 
1X35  5 


1X35  5 
2X35  5 


Formula 


o, 

CO 

CO, 

N/3 

NO 

NOCJ 

ClaO 

CIO, 
COCl, 

H, 

HCl 

HNC 

NH, 

CH4 

cja, 

CM, 

CJU 

CJtU 

C,H« 

CH3CI 

CHsCl 

CHsN 

Na 
CaN, 

CINC 

CI, 

C3H^ 


compounds  is  16  g.,  and  that  this  weight  is  found  in  many 
cases,  while  in  others  the  weight  is  twice  16.  In  the  case  of 
the  compounds  of  nitrogen  we  note  that  the  minimum  weight 
is  14  g.  and  that  in  other  cases  the  weight  is  double  this  mini- 
mum weight.  In  the  case  of  chlorine  compounds  the  minimum 
weight  of  chlorine  is  35.5  g.,  while  those  compounds  with 
a  larger  proportion  of  chlorine  contain  double  the  minimum 
weight. 
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64.  The  Law  of  Minimuin  and  Multiple  Weights. — Entirely 
jQjIogous  regularities  will  be  found  if  we  consider  the  data 
'>)jtained  from  a  study  of  the  gaseous  compounds  of  any  other 
'iiraents.  rpor  each  element  we  find  a  minimum  weight  in  the  I 
olume  0/  22 . 4  liters  of  any  of  its  gaseous  compounds  uttder  standard 
conditions  and  also  find  that  the  weight  if  greater  than  the  minimum  , 
MB<^2,  3.  or  4,  or  some  small  multiple  of  this  minJmumJ  This 
Ut  stalement  may  be  called  the  Law  of  Minimum  and  Multiple 
Weights. 

65.  The  Chemical  Unit  Volume:  22.4  Liters. — The  volume 
i!.4  liters  thus  becomes  a  kind  of  unit  volume  for  the  chemist,  i 
iMs  parlicuiar  volume  having  been  chosen  because  it  contains 
ig,  of  hydrogen  in  the  case  of  those  hydrogen  compounds 
which  contain  the  minimum  weight  of  this  element.  In  this 
volume  no  other  element  has  a  minimum  weight  as  small  as  that 
of  hydrogen. 

66.  Symbols  Represent  Minimum  Weights. — In  the  same 
ffiinner  as  that  suggested  in  a  preceding  paragraph  for  hydrogen 
and  carbon,  we  may  represent  the  minimum  weight  of  each  of 
[he  other  elements  by  a  symbol.  Table  V  shows  the  minimuin 
weights  of  the  five  elements  we  have  been  considering,  together 
*ith  the  corresponding  symbols. 

TABLE  V 
MmiHuu  Weights  m  ii  4  Liters,  and  Symbols 


w 

K  67-  Mai 


CI 


67.  Making  Formulae. — We  see  from  Table  IV  that  22.4 
liters  of  carbon  dioxide  contain  is  g.  of  carbon  combined  with 
iXi6g.  of  oxygen.  We  may,  therefore,  represent  the  composi- 
I  of  the  quantity  of  carbon  dioxide  in  22.4  liters  by  the 
mula  CO,.  In  an  analogous  fashion  we  may  obtain  as  the 
nub  representing  the  composition  of  23.4  liters  of  ammonia, 
),  and  as  the  formula  for  hydrogen  chloride.  HCl.   By  making 
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use  of  this  system  the  student  will  now  have  no  difficulty  ia 
writing  down  at  once  the  formula  of  each  of  the  gases  from  the 
data  contained  in  Table  IV.  He  will  also  readily  see  that  it  is  a 
much  less  difficult  task  to  learn  the  formulae  of  such  gases  than 
to  learn  their  percentage  composition;  that  is  to  say,  it  is  an  easier 
tax  upon  the  mind  to  remember  the  formula  HCl  than  to  remem- 
ber that  hydrogen  chloride  contains  2 .  76  per  cent  of  hydrogen 
and  97 .  24  per  cent  of  chlorine. 

68.  The  Practical  Use  of  Formulae. — ^A  review  of  the  method? 
employed  in  arriving  at  the  results  represented  by  the  formula 
of  any  substance  shows  that  in  each  case  we  have  made  use  of  the 
knowledge,  first,  of  the  weight  of  i  liter  of  the  gas,  and,  secondly, 
of  the  percentage  of  each  of  its  elementary  constituents.  Con- 
versely, if  we  know  the  weights  which  the  symbols  of  the  elements 
represent,  and  know  the  formula  of  a  gas,  we  may  by  working 
backward  find  its  percentage  composition.  For  example,  sup- 
pose that  we  remember  that  the  formula  of  methane  is  CH4 
and  know  that  H  stands  for  i  g.  of  hydrogen  and  C  for  12  g. 
of  carbon.  Then  22.4  liters  of  methane  contain  4  g.  hydrogen 
combined  with  1 2  g.  of  carbon.  The  proportion  of  hydrogen  is, 
therefore,  4/16,  or  25  per  cent,  and  of  carbon  12/16,  or  75  per  cent, 
the  weight  of  22 . 4  liters  being  16  g.,  and  i  liter  weighs  16/22 .4= 
0.72  g.  In  calculating  in  this  way  the  density  and  percentage 
composition  of  methane  we  are  merely  reproducing  the  results 
which  originally  were  obtained  by  experiment.  In  order  to  find 
the  formula  of  any  gas,  we  must  know  its  density  and  the  per- 
centage of  each  elementary  constituent.  We  find  by  actual 
experience  that  we  can  represent  by  a  formula,  usually  of  a  very 
sijnple  character,  the  composition  of  22.4  liters  of  any  gaseous 
stibstance. 

69.  Formulae  of  Liquids  and  Solids. — ^The  system  which  we 
have  just  considered  is  capable  of  extension  to  liquid  and  solid 
substances,  in  which  case,  however,  the  formula  may  have  a 
slightly  less  definite  meaning.  We  may  illustrate  this  by  con- 
sidering the  cases  of  water  and  mercury  oxide.  We  have  found 
that  water  is  composed  of  1 1 . 2  per  cent  of  hydrogen  and  88 . 8 
per  cent  of  oxygen,  from  which  we  observe  that  the  weight  of 
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w  oxj'gen  is  8  times  the  weight  of  the  hydrogen  with  which  it  is 
uniled.  This  ratio  of  hj'drogen  and  oxygen  might  be  represented 
by  HjO,  since  this  formula  would  mean  that  2  g.  of  hydrogen  are 
uniled  with  16  g.  of  oxygen,  which  weights  of  hydrogen  and 
oiygen  are  in  the  ratio  of  i  to  8,  but  the  formulae  H,0,  and 
tl«Oj  would  also  represent  equally  well  the  proportion  of  hydro- 
:'en  and  oxygen  actually  found  in  water. 

70.  The  Formula  of  Water.— We  may  be  led  to  choose  a  con- 

iiitent  formula  for  water  by  the  consideration  of  the  density  of 

wttT  vapor  or  steam ;  but  in  this  case  the  density  determination 

must  be  made  at  a  temperature  above  the  boiling-point  of  water, 

if  we  work  at  atmospheric  pressure.     Since  the  effect  of  changes 

of  pressure  and  temperature  upon  the  volume  of  a  given  quantity 

of  steam  are  the  same  as  upon  an  equal  volume  of  any  gas  which 

w'juld  not  liquify  if  cooled  to  0°  at  76  cm.  pressure,  we  might 

cakulate  by  the  laws  of  Boyle  and  Charles  what  the  volume  of 

ihe  koown  weight  of  steam  measured  at  a  high  temperature  and 

bovra  pressure  would  be  if  the  steam  were  under  standard  con- 

iitioftj,  that  is,  at  0°  and  76  cm.  pressure.     It  has  been  found  in 

iJusH-ay  that  i  Uter  of  water  vapor  if  it  did  not  condense  to  a 

liquid  would  weigh  0.806  g.  under  standard  conditions,  which 

'  utresponds  to  a  weight  of  18  g.  for  22 .4  liters.    Now,  11.2  per 

;tiit  of  18  g.  is  2  g.  and  88.8  per  cent  of  18  g.  is  16  g.     From 

ihrae  results  we  conclude  that  if  water  vapor  could  exist  under 

^dard  conditions  as  a  gas  that  22.4  liters  would  contain 

i-  of  combined  hydrogen  and  16  g.  of  combined  oxygen,  which 

IDunts  would  be  exactly  represented  by  the  formula  H,0. 

\  71.  Formulae  of  Volatile  Liquids  and  Solids. — In  a  perfectly 

jgous  fashion  we  could  find  the  formula  for  any  other  volatile 

ntance,  the  density  of  whose  vapor  we  could  measure  experi- 

ly.     Such  a  procedure  would  enable  us  to  represent  by  a 

e  composition  of  a  great  number  of  volatile  chemical 

|i'Which  are  not  gaseous,  but  are  liquid  or  solid  under 

rcondJtions  of  temperature  and  pressure. 

.  Fonnulae  of  Involatile  Substances. — There  are,  however. 

iDy  chemical  substances  which  are  not  volatile  or  which  can- 

t  be  volatilized  at  temperatures  at  which  we  could  make 
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experimental  determinations  of  their  vapor  densities.  Thert 
are  other  solids  and  liquids  which  would  be  decomposed  i 
strongly  heated.  For  such  substances  we  could  not  find  chemi 
cal  formulae  in  the  same  way  as  for  gases  or  volatile  substances 
However,  we  can  and  do  represent  by  formulae  the  compositior 
of  such  involatile  substances. 

73.  The  Formula  of  Red  Oxide  of  Mercury. — ^The  method  oi 
obtaining  the  formula  of  such  a  substance  may  be  illustrated  b) 
the  case  of  the  red  oxide  of  mercury,  which,  it  will  be  remem 
bered,  is  readily  decomposed  when  heated  into  mercury  anc 
oxygen.  We  find  by  analysis  that  this  compoimd  containf 
92.6  per  cent  of  mercury  and  7.4  per  cent  of  oxygen.  By  Xhi 
experimental  study  of  volatile  mercury  compounds,  as  well  .as  o: 
mercury  itself,  we  find  that  the  minimum  weight  of  mercury  ii 
22.4  liters  is  200 g.,  and  therefore  represent  this  weight  o: 
mercury  by  the  symbol  Hg.  It  now  remains  to  discover  what 
multiples  of  200  for  the  mercury  and  of  16  for  the  oxygen  an 
in  the  same  ratio  as  the  percentages  of  mercury  and  oxygen  ir 
mercury  oxide.  We  find  very  easily  that  200  is  to  i6as92.6ii 
to  7 . 4,  and  from  this  we  write  the  formula  HgO. 

We  could  of  course  represent  the  same  proportions  of  mercur) 
and  oxygen  by  the  formula  HgaOa.  But  we  are  not  able  tc 
decide  which  of  these  to  choose  as  in  the  case  of  a  volatile  sub 
stance  where  the  formula  represents  the  quantity  of  material  ir 
22.4  liters  of  the  gas  or  vapor  under  standard  conditions.  Ir 
such  a  case  we  choose  the  simpler  formula,  in  this  case  HgO,  but 
we  must  bear  in  mind  that  the  formula  does  not  mean  quite  as 
much  in  such  a  case  as  in  that  of  a  gas  or  volatile  substance, 
where  it  always  represents  in  addition  to  the  true  proportion 
of  the  constituent  elements  the  actual  weights  of  each  in  22.4 
liters  of  the  gas  imder  standard  conditions. 

74.  Sjrmbol  Weights  and  Formula  Weights. — ^The  letter  01 
pair  of  letters  which  represents  the  minimum  weign^m'aii 
element  1^274  liters  of  any  of  its  gaseous  compounds  is  called 
the  symbol  of  that  element  and  the  weight  which  this  symbol 
represents  may  then  be  called  the  sjrmbol  weight.  Each  of  the 
eighty-five  or  more  known  elements  has  been  assigned  a  definite 
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symbol  which  represents  a  definite  symbol  weight.    We  have 

■^en  (6a)  how  the  quantities  of  each  element  in  22.4  liters  of  a 
"tupound  gas  may  be  represented  by  a  formula  made  up  of 
>;mbols,  each  symbol  being  multiplied  by  a  factor  which  shows 
how  many  times  the  minimum  weight  of  the  element  is  present 
in  22-4  liters  of  the  gaseous  compound.  The  sum  of  the  weights 
r^resented  by  the  various  symbols  each  multiplied  by  its  factor 
is  naturally  the  weight  of  22.4  liters  of  the  gas,  represented  by 
tlie  formula.  This  weight  is  often  spoken  of  as  the  formula 
n^t  In  the  case  of  an  involatile  solid  substance  the  formula 
wdgfat  is  the  weight  represented  by  the  formula  but  indicates 
only  theoretically  the  weight  which  we  should  expect  22.4  liters 
of  the  substance  to  have  if  it  were  a  g^s  under  standard  con- 
ditions. 

75.  The  Formulae  of  Some  Elementary  Gases.— It  is  impor- 
lant  to  note  that  22,4  liters  of  the  gases  hydrogen,  oxygen, 
mliogen,  and  chlorine  weigh  2,  32.  28,  and  71  g,  respectively 
I63, Table  IV).  These  weights  are  for  each  element  just  double 
ihe  minimum  weights  which  we  find  in  numerous  compounds 
»[  ihe  dements  and  therefore  in  each  case  just  double  the  weight 
represented  by  the  symbol.  We  must  therefore  write,  as  the 
lormulae  of  these  gases,  Hj,  0„  Nj,  and  CL,  respectively.  The 
funnula  of  an  elementary  gas  in  the  free  state  will  then  represent 
the  quantity  of  that  gas  in  22.4  liters.  We  must  here  point 
out  that  not  every  element  in  the  form  of  gas  or  vapor  is  to  be 
represented  by  a  formula  composed  of  its  symbol  taken  twice. 
For  example,  the  vapors  of  mercury  and  sodium  have  the  single 
symbol  formulae  Hg  and  Na,  respectively;  on  the  other  hand, 
iht  formulae  of  the  vapors  of  the  elements  phosphorus  and  sulfur 
are  P,  and  S,. 


CHAPTER  VI 

CHEMICAL  EQUATIONS 

76.  Equations. — In  this  chapter  we  shall  see  how  it  is  possible 
to  represent  in  a  very  simple  way  the  quantities  of  substances 
entering  into  and  formed  in  a  chemical  reaction.  Let  us  con- 
sider the  case  of  hydrogen  and  chlorine  which  has  already  been 
studied  experimentally.  We  have  learned  that  hydrogen  and 
chlorine  unite  to  form  hydrogen  chloride  (44).  Furthermore 
we  find  by  experiment  that  one  volume  of  hydrogen  and  one 
volume  of  chlorine  give  two  volumes  of  hydrogen  chloride;  so 
that  if  22.4  liters  of  hydrogen  united  with  22.4  liters  of  chlorine 
we  should  obtain  44.8  liters  of  hydrogen  chloride.  Now  we 
may  represent  22.4  liters  of  hydrogen  by  the  formula  Ha  and 
22.4  liters  of  chlorine  by  Ch,  while  for  twice  22.4  liters  of  hydro- 
gen chloride  we  put  the  coefficient,  2,  in  front  of  the  formula  and 
write  2HCI.  We  may  then  express  the  facts  by  stating  that  H« 
plus  CI2  gives  2HCI  or 

Ha+Cla-»2HC1. 

which  may  also  be  written 

Ha+Cla  =  2HCl. 

We  call  either  of  these  expressions  the  equation  for  the  reaction 
between  hydrogen  and  chlorine. 

77.  What  an  Equation  Means. — ^The  equation 

Ha+Cla-»2HC1 

expresses  the  fact  that  the  quantity  of  hydrogen  represented  by 
the  formula  Ha  or  2  g.  unites  with  the  quantity  of  chlorine 
represented  by  Cla  or  71  g.  to  give  the  quantity  of  hydrogen 
chloride  represented  by  2HCI  or  73  g.  It  also  expresses  the 
fact  that  22.4  liters  of  hydrogen  unite  with  22.4  liters  of  chlorine 
to  give  2X22.4  liters  of  hydrogen  chloride,  or  in  general  that  one 
volume  of  hydrogen  and  one  volume  of  chlorine  unite  to  give 
two  volumes  of  hydrogen  chloride,  the  volumes  being  those  of 

50 
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the  gases  measured  in  all  cases  under  standard  conditions.  In 
reactions  involving  gases  the  volume  of  each  gas  taken  or 
fonned  is  always  shown  by  the  coefficient  in  front  of  its  formula 
in  the  equation  for  the  reaction. 

78.  The  Equation  for  the  Burning  of  Carbon. — Some  free 
dements  like  carbon  are  not  sufficiently  volatile  to  enable  us  to 
find  the  formula  of  the  element  from  measurements  of  the  vapor 
density  of  the  free  element,  and  in  such  a  case  we  use  the  symbol 
of  the  element  in  writing  equations  involving  its  reactions. 
When  carbon  is  burned  we  find  that  12  g.  of  carbon  require  32  g. 
of  oxygen  occupying  a  volume  of  22.4  liters,  and  producing  44  g. 
of  carbon  dioxide  occupying  also  a  volume  of  22 . 4  liters.  These 
facts  may  therefore  be  represented  by  the  equation 

C+Oa-»CO,. 

Here  the  equation  expresses  directly  the  weights  of  carbon  and 
oxygen  which  imite,  as  well  as  the  weight  of  carbon  dioxide 
formed.  At  the  same  time  it  also  shows  that  22.4  liters  of 
oxygen  when  completely  combined  with  sufficient  carbon  gives 
22.4  liters  of  carbon  dioxide,  but  since  the  carbon  is  not  in  the 
gaseous  state  the  equation  does  not  indicate  anything  regarding 
the  volume  of  the  solid  carbon  which  unites  with  the  volume  of 
oxygen  represented  by  the  formula  O,. 

79.  Solving  Problems. — If  we  remember  that  the  equation 
for  the  burning  of  carboiuin  oxygen  is  / 

C+0,->CO, 

we  may  make  use  of  the  facts  represented  by  the  equation  in  the 
solution  of  problems  such  as  the  following:  How  many  liters 
of  oxygen  are  required  for  the  burning  of  5  g.  of  carbon?  To 
solve  this  problem  we  first  write  down  the  equation  which  repre- 
sents the  reaction.  This  shows  that  the  quantity  of  carbon 
represented  by  the  symbol  C,  namely,  12  g.,  requires  for  its  com- 
bustion the  volume  of  oxygen  represented  by  the  formula  O,, 
JMundy,  22.4  liters.  Therefore  5  g.  of  carbon  would  require 
the  volume  determined  by  the  proportion 

i2:5::22.4:x 
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where  x  is  the  number  of  liters  of  oxygen  necessary  for  the  com- 
bustion of  5  g.  of  carbon.  In  an  analogous  manner  we  may 
calculate  what  volume  of  carbon  dioxide  is  produced  by  the 
burning  of  a  known  weight  of  carbon. 

We  may  also  calculate  what  weight  of  oxygen  is  required  or 
carbon  dioxide  produced  in  the  burning  of  s  g.  of  carbon.  H 
12  g.  of  carbon  require  32  g.  of  oxygen,  as  our  equation  indicates, 
then  we  have  only  to  solve  the  following  proportions  in  order  to 
find  the  weight  of  oxygen  required  for  5  g.  of  carbon: 

i2:s::32:y, 

where  y  is  the  required  answer, 
-i^^^o-^    80.  The  Burning  of  Magnesium. — Suppose  we  desire  to  find 
.        by  experiment  the  formula  of  the  product  formed  by  burning 
<^^j,,*=>^        magnesium  in  oxygen.    It  will  be  recalled  that  the  metal 
magnesium  in  the  form  of  wire  or  powder  burns  with  great  ease 
in  oxygen,  forming  a  white  solid  substance  which  we  have  called 
magnesium  oxide  (28).    We  find  by  experiment  that  10  g.  of 
magnesium  when  burned  yields  16.6  g.  of  magnesium  oxide. 
Let  us  suppose  that  we  have  discovered  by  careful  experiment 
that  magnesium  oxide  contains  only  the  elements  magnesiimo. 
and  oxygen.    The  difference  between  the  weight  of  the  mag- 
nesium oxide  formed  and  the  magnesium  taken  must  represent 
the  weight  of  oxygen  which  has  combined  with  the  10  g.  of 
magnesium.    This  we  find  to  be  6 . 6  g. 

Suppose  we  know  that  the  symbol  weight  of  magnesiimi  is 

24.3  g.  or 

Mg=24.3g. 

It  is  now  required  to  calculate  the  relative  numbers  of  symbol 
weights  of  magnesium  and  oxygen  that  unite  to  form  magnesium 
oxide.  We  know  that  10  g.  of  magnesium  unite  with  6.6  g.  of 
oxygen.     We  may  then  make  the  proportion 

10:6.6:  :24.3:z, 

from  which  we  find  that  2=16.  Therefore  16  g.  of  oxygen 
represented  bv  0,  combine  with  the  weight  of  mac^nesium  repre- 
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itnted  by  the  symbol  Mg,  and  consequently  we  may  represent 
tie  composition  of  magnesium  oxide  by  the  formula  MgO  and 
write  the  equation  for  the  burning  of  magnesium  thus: 


I 


Mg-fO-*MgO 
■better 

2Mg+0.->2MgO, 


the  latter  equation  having  the  advantage  in  that  it  shows  the 
volume  of  oxygen,  22.4  liters,  as  well  as  its  weight  required  for 
lie  burning  of  the  weight  of  magnesium  represented  by  aMg. 
But  since  both  magnesium  and  magnesium  oxide  are  solid 
inTOlatile  substances  the  equation  does  not  show  the  volumes  of 
these  solids  entering  into  the  reaction,  as  it  would  in  the  case  of 
gaseous  substances. 

81.  The  Burning  of  Iron,^It  will  be  recalled  (17)  that  iron 
Irnms  in  oxygen,  giving  iron  oxide,  the  formula  for  which  we 
may  now  calculate.  In  an  experiment  in  which  12.6  g.  of  iron 
was  burned  the  weight  of  iron  oxide  produced  was  i7.4g,,  from 
which  we  find,  by  subtracting  the  weight  of  the  iron  burned,  the 
wtight  of  the  oxygen  to  be  4.8  g.  These  weights  of  iron  and 
uiygen  must  be  in  the  same  ratio  that  some  number  of  times 
}6,  the  symbol  weight  of  iron,  is  to  some  number  of  times  16 
■here  these  numbers  arc  small  integers.  Dividing  r2.6  by  56 
*eget  0.225.  Dividing  4.8  by  16  we  get  0.300.  Since  these 
onmbers  0.225  ^"^^  0.300  are   not  equal,  the  formula  cannot 

»FcO.  It  will,  however,  readily  be  found  that  0.225  '^  *" 
DO  as  3  is  to  4,  and  therefore  that  12.6:4.8: :  3X56:4X16, 
idl  shows  that  the  formula  of  the  oxide  of  iron  formed  by 
lung  iron  in  oxygen  is  FejOj.  We  may  then  write  the  equa- 
tion for  the  burning  of  iron  as  follows: 

3Fe+20,^FejO.. 

8].  The  Action  of  Hydrogen  on  Copper  Oxide. — It  will  be 

remembered  that  we  found  earlier  that  heated  copper  oxide  and 

hyitrogen  give  metallic  copper  and  water  (33).     In  a  quantitative 

experiment  it  was  found  that  2.387  g,  of  copper  oxide  yielded 

^^X907g.  of  copper  and  0.54  g.  of  water.     From  the  weights  of 
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copper  and  copper  oxide,  together  with  a  knowledge  of  the  fact 
that  copper  oxide  is  composed  of  copper  and  oxygen  only,  we  may 
discover  very  readily  that  the  formula  of  copper  oxide  is  CuO, 
knowing  the  symbol  weight  of  copper  to  be  63 . 6.  Furthermore, 
since  water  contains  only  hydrogen  and  oxygen  and  0.54  g.  of 
water  has  been  formed  from  2.387—1.907  or  0.48  g.  of  oxygen, 
the  weight  of  hydrogen  present  in  the  o.  54  g.  of  water  must  have 
been  0.06  g.  Making  a  calculation  analogous  to  that  made  in 
finding  the  formula  for  iron  oxide,  we  find  that  0:06:0.48:  :2X 
1:1X16  and  that  therefore  the  composition  of  water  is  repre- 
sented by  the  formula  H2O.  We  may  now  write,  as  the  equation 
for  the  reaction  between  copper  oxide  and  hydrogen, 

CuO+Ha->Cu+HaO. 

83.  The  Action  of  Acetylene  on  Copper  Oxide. — From  what 
has  preceded  the  student  will  understand  that  in  order  to  be  able 
to  write  the  equation  for  any  reaction  we  must  know  all  of  the 
substances  entering  into  the  reaction  and  all  of  the  products.  In 
addition  we  must  know  the  formula  of  each  substance.  We  may 
illustrate  the  method  then  employed  by  means  of  reaction 
between  acetylene  and  copper  oxide  which  we  have  already 
studied. 

When  acetylene  is  passed  over  heated  copper  oxide  we  obtain 
carbon  dioxide  and  water,  while  metallic  copper  is  left  behind, 
these  three  substances  being  the  sole  products  of  the  reaction  (50). 
The  formula  of  acetylene  is  CaHa  (62) .  The  quantity  of  carbon 
represented  by  C,  would  give  the  quantity  of  carbon  dioxide 
represented  by  2CO2;  and  the  quantity  of  hydrogen  represented 
by  Ha  would  give  the  quantity  of  water  represented  by  HaO,  so 
that  the  quantities  of  carbon  and  hydrogen  represented  by  one 
formula  weight  of  acetylene  CaHa  would  yield  the  quantities  of 
carbon  dioxide  and  water  represented  by  2COa+HaO.  The 
quantity  of  oxygen  contained  in  the  quantities  of  carbon  dioxide 
and  water  represented  by  2COa+HaO  is  represented  by  5O, 
which  quantity  is  contained  in  the  amount  of  copper  oxide 
represented  by  5CUO.  It  will  thus  appear  that  the  quantity 
of  acetylene  represented  by  CaH«  will  require  the  quantity  of 
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oer  oxide  represented  by  sCuO,  and  there  will  be  produced 
e  quantities  of  the  three  products  represented  by 

2C0.+H,0+sCu. 

B  equation  is  therefore 

CA+5CuO-»2CO,+H,0+5Cu. 

84.  The  Action  of  Ammonia  on  Copper  Oxide. — In  an  analo- 
gous maimer  we  may  obtain  as  the  equation  for  the  reaction 
which  occurs  when  ammonia  gas  is  passed  over  heated  copper 
onde,  in  which  case  water,  nitrogen,  and  metallic  copper  arc 

I     (tinned. 

K  2NH3+3CuO->3H,0+3Cu+N,.  (5a) 

^V  85.  Tbe  Meaning  of  an  Equation. — Since  chemists  make 
^aiensive  use  of  equations,  it  is  of  fundamental  importance  that 
tht  student  should  understand  exactly  how  equations  are  ob- 
Uined  and  what  they  mean.  In  every  case  before  the  equation 
for  the  reaction  can  be  written  the  reaction  must  have  been 
thoroughly  investigated  by  experiment  in  the  manner  illustrated 
in  Ihe  preceding  examples.  The  equation  then  shows  at  a  glance 
what  substances  enter  into  and  are  formed  as  a  result  of  the 
reaction.  It  also  shows  the  composition  of  each  of  the  substances 
i  and  the  proportions  in  which  they  take  part  in  the 
rtion,  it  being  assumed  in  all  cases  that  we  know  the  weight 
which  the  symbol  of  each  element  stands. 
.  An  Equation  Balances. — It  is  one  of  the  most  funda- 
mental facts  in  chemistry  that  in  chemical  change  no  material  is 
destroyed  but  that  the  elements  merely  change  their  forms  of 

Pbination  with  one  another.  This  important  fact,  which  we 
H  as  the  Law  of  the  Indestructibility  of  Matter,  is  also  repre- 
ed  in  ever>-  chemical  equation.  For  we  notice  that  in  each 
ilion  we  have  on  each  side  the  same  number  of  sjinbol 
^ts  of  each  element.    Thus  tn  the  equation 

CJI,-|-5CuO-j»  2CO,-|-H,0+5Cu 

we  see  that  there  are  on  each  side  two  symbol  weights  of  carbon, 
oiymbol  weights  of  hydrogen,  five  symbol  weights  of  copper, 
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and  five  symbol  weights  of  oxygen.     This  fact  is  usually  e:qjressed 
by  saying  that  the  equation  balances, 

AH  of  the  reactions  which  we  have  studied  up  to  this  time 
have  been  thoroughly  investigated  by  chemists  and  for  each  the 
reaction  equation  has  been  discovered.  We  may  now  give,  in 
Table  VI,  a  list  of  such  equations  for  purposes  of  reference.  It 
is  not  to  be  expected,  however,  that  the  student  should  make 
great  effort  to  memorize  all  of  these  equations,  although  such  a 
task  would  not  be  very  difficult,  for,  as  a  little  inspection  will 
show,  there  are  certain  regularities  observable  which  make  this 
a  less  difficult  task  than  might  at  first  sight  seem  to  be  the  case, 


T.\BLE  VI 

Equations  of  Other  Reactions  Studied 
iHg+0,^aHgO 

iNa + jHjO-*-  iNaOH + H, 
NaOH  -fHCI  -»  NaCH-  H^ 
aNa+CI,-*2NaCl 
Mg+H,O^MgO+H, 

3Fe+4H.O-»FeA+4H, 

C3H,+  ioCuO-»3CO.+4H,0+ioCu 
87.    Problems 


1 


1.  What  weight  of  mercury  can  be  obtained  by  the  decom- 
position of  log.  of  mercuric  oxide? 

2.  What  volume  of  oxyg«i  at  o"  and  76  cm,  can  be  made 
from  8  g.  of  mercuric  oxide  ? 

3.  What  weight  of  sodium  must  be  acted  on  by  water  to 
yield  500  c.c.  of  hydrogen  at  0°  and  76  cm.? 

4.  What  weight  of  common  salt  can  be  made  from  10  g,  of 
metallic  sodium? 

5.  WTiat  volume  of  hydrogen  at  20"  and  72  cm.  would  be 
formed  by  the  action  of  sufficient  steam  on  6  g.  of  magnesiimi? 

6.  What  weight  of  copper  oxide  would  be  required  for  the 
oxidation  of  200  c.c.  of  propane  measured  at  25°  and  74  cm.? 
(See  last  equation  of  Table  VI  above.)  1 

What  weight  of  water  would  be  formed? 


CHAPTER  VII 

ACIDS,  BASES,  AND  SALTS— I 

88.  Caustic  Soda  or  Sodium  Hydroxide.^Let  us  now  con- 

ader  the  chemical  changes  which  occurred  in  the  formation  of 

common  salt  from  metallic  sodium,  which  we  have  already 

studied  experimentally.     It  will  be  recalled  that  sodium  reacted 

^jjolentiy  with  water,  giving  hydrogen  and  sodium  hydroxide,  the 

^^KtioQ  bemg  represented  by  the  equation 

^P  3Na+2H,0^2NaOH+Hj.  (40) 

"  If  we  repeat  the  experiment  and  evaporate  the  water  we  find 
that  sodium  hydroxide  (also  knowo  as  caustic  soda)  is  left  as  a 
white  solid  which  is  readily  soluble  in  water.  This  solution  feels 
"sMpy"  to  the  fingers  and  if  greatly  diluted  with  water  is  found 
to  have  an  unpleasant  "soapy"  taste,  (It  must  not  be  tasted 
unless  greatly  diluted  with  water,  since  the  concentrated  solu- 
tion acts  powerfully  on  the  mucous  membrane.)  A  piece  of  red 
i'lmus  paper  is  turned  blue  if  dipped  in  the  solution.  We  know 
iMny  other  substances  which  have  properties  similar  to  those 
of  sodium  hydroxide.  Such  substances  are  called  bases;  they 
also  have  other  characteristic  properties,  the  most  important  of 
which  we  may  now  consider. 

8g.  Bases  Neutralize  Acids. — We  have  learned  (41)  that 
ciDEtic  soda  and  hydrochloric  acid  (which  is  a  solution  of  hydro- 
gen chloride  in  water)  react  to  give  common  salt.  The  equation 
for  this  reaction  is 


NaOH+HCl  ->  U.0+  NaCl. 


kft  add  more  than  sufficient  of  the  acid  and  then  evaporate 
tohition  to  dryness,  the  excess  of  hydrogen  chloride  will  pass 
with  the  water  and  nothing  but  pure  salt,  the  chemical  name 
which  is  sodium  chloride,  will  remain.  //  we  Ifsl  hydro- 
rie  add  -wilh  blue  litmus  we  find  that  the  latler  is  turned  red, 
n«i  by  a  very  dilute  solution.    But  we  find  that  a  solution  of 
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pure  common  sail  in  wakr  has  no  eject  on  either  blue  or  red  litmus: 
it  is  neutral. 

go.  Properties  of  Acids-^If  we  again  add,  drop  by  drop,  a 
solution  of  hydrogen  chloride  to  one  of  sodium  hydroxide  to 
which  a  few  drops  of  a  solution  of  litmus  have  been  added,  we 
find  that  the  change  of  color  from  blue  to  red  is  produced  suddenly 
and  not  gradually,  a  single  drop  being  sufficient  to  cause  the 
change.  If  we  stop  adding  hydrogen  chloride  at  this  point  we 
find  that  the  solution  consists  only  of  pure  salt  and  water  (with 
but  a  minute  amount  of  litmus).  It  no  longer  has  the  taste  of 
the  sodium  hydroxide,  but  only  that  of  salty  water.  A  diluted 
solution  of  hydrogen  chloride  has  a  rather  agreeable  sour  taste, 
reminding  one  of  vinegar  or  lemon  juice.  Our  experiment  has 
shown  that  both  the  taste  and  the  behavior  toward  litmus  of 
sodium  hydroxide  and  hydrogen  chloride  have  been  changed  in 
their  interaction.  We  say  that  they  have  neutralized  each  other. 
We  know  very  many  substances  which  will  neutralize  sodium 
hydroxide;  all  of  these  have  a  sour  taste  and  color  litmus  red. 
We  call  such  substances  acids,  the  common  name  of  hydrogen 
chloride  solution  being  hydrochloric  acid. 

91.  Another  Base:  Ammonium  Hydroxide. — -As  we  have 
already  seen  (51),  ammonia  gas  dissolves  readily  in  water,  giving 
a  solution  wliich  turns  litmus  blue,  and  we  are  not  surprised  to 
find  that  it  neutralizes  hydrochloric  acid.  If  we  evaporate  the 
neutralized  solution  we  obtain  a  white  crystalline  substance,  the 
composition  of  wliich  is  represented  by  the  formula  NH^Cl. 
Since  ammonia  gas  has  the  formula  NHj  and  hydrogen  chloride 
the  formula  HCI,  we  might  be  inclined  to  write  the  equation 

NHj+HCl^NH,a, 
and,  in  fact,  just  this  reaction  takes  place  if  we  bring  the  two 
gases  together,  a  dense  white  cloud  of  the  solid  product  being 
formed.  However,  if  a  very  concentrated  solution  of  ammonia 
in  water  is  cooled  to  a  very  low  temperature,  we  may  obtain 
crystals  of  a  substance  having  a  composition  represented  by  the 
formula  NH4OH  and  called  ammonium  hydroxide.  This  sub- 
stance is  formed  thus: 
J  NH,+H,O^NILOH.  ■ 
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We  might  thinlc  to  obtain  it  by  the  evaporation  of  the  water 
tt-of  anunonia;  but  instead  we  get  only  ammonia  gas  and 
In  fact,  the  crjstals  of  ammonium  hydroxide 
d  at  a  low  temperature  undergo  a  similar  change  if  they 
E  not  kept  very  cold.  We  say  that  ammonium  hydroxide 
Iks  readily  into  ammonia  and  water.  Chemists  think  that 
ffi  water  solution  of  ammonia  part  of  the  latter  is  combined 
h  water  to  form  ammonium  hydroxide.  It  is  this  substance 
fch  is  thought  to  act  directly  on  red  litmus,  changing  it  to 
t,  and  to  act  on  hydrochloric  acid  as  follows: 

NH,OH+HCl->  NH,Ci-i-H,0. 

Wtlherc/ore  cull  nnuiionium  hydroxide  a  base. 

91.  Ammomum  Chloride,  Salts.^The  substance  NH,C1  is 

__calicU  ammomum  chloride.     In  appearance,   taste,  and  other 

perties  to  be  studied  later,  sodium  chloride  and  ammonium 

foride  closely  resemble  one  another.    They  are  examples  of  an 

ortant  class  of  chemical  substances  called  salts. 
I  A  review  of  the  two  neutralizations  just  discussed  will  show 
Bt  they  have  much  in  common:  in  each  case  a  base  reads  with 
^atid  to  form  a  salt  and  water.  Somewhat  later,  other  important 
s  regarding  neutralization  will  be  discovered.  Before  dis- 
«)g  such  matters  we  will  first  become  acquainted  with  a  few 
T  important  acids,  bases,  and  salts. 

.  Sulfuric  Acid. — One  of  the  most  important,  if  not  the 
rt  important,  of  all  adds  is  a  substance  which  is  known  as  oil 
[  vitriol  or  sulfuric  acid.  It  is  manufactured  in  immense 
mtities  and  is  very  cheap,  the  commercial  grade  selling  for 
t  than  one  cent  a  pound.  We  shall  not  now  consider  the 
thod  of  its  manufacture  further  than  to  state  that  it  is  made 
1  sulfur.  Its  composition  is  represented  by  the  formula 
It  is  a  colorless  liquid  of  "oUy"  consistency,  but  is 
it  really  an  oil,  as  it  will  mix  with  water  in  all  proportions. 
jBmst  be  bandied  with  caution,  since  it  can  cause  bad  bums 
b  spilled  on  the  skin,  (Incase  of  accident,  wash  off  the  acid  in 
h  running  water,  immediately.)  When  sulfuric  acid  is  mixed 
it  water,  the  mixture  gets  boiling  hot,  for  which  reason  the  acid 
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should  be  added  very  slowly,  with  stirring,  to  the  water,  if  a 
dilute  solution  is  to  be  made. 

94.  Neutralization  of  Sulfuric  Acid,  Sodium  Sulfate. — ^We 
find  that  the  dilute  solution  has  a  sour  taste  and  that  it  turns 
litmus  red.  We  may  next  try  whether  it  will  neutralize  a  solu- 
tion of  sodiiun  hydroxide,  for  which  purpose  we  may  add  to  a 
dilute  solution  of  sulfuric  add  a  few  drops  of  litmus  solution  and 
then  run  in  sodium  hydroxide  solution  drop  by  drop  until  neutral- 
ity is  reached.  If  the  neutral  solution  is  now  boiled  until  a  solid 
begins  to  appear  and  then  is  left  to  evaporate  at  room  tempera- 
ture, large,  transparent,  glassy-looking  crystals  will  be  formed. 
These  crystals  dissolve  readily  in  water  to  form  a  neutral  solu- 
tion, which  does  not  have  a  sour  taste. 

If  we  allow  the  dry  crystals  to  remain  in  the  open  air  we  find 
that  they  lose  weight  rapidly  and  turn  white  upon  the  surface, 
forming  a  fine  white  powder.  Finally  nothing  is  left  of  the  large, 
clear,  glassy  crystals;  only  the  powder  remains,  the  weight  of 
which  is  much  less  than  that  of  the  original  material.  What  is 
the  cause  of  this  curious  change?  Let  us  put  one  of  the  large 
clear  crystals  into  a  dry  test  tube  and  heat  gently  the  lower  end 
of  the  tube  containing  the  crystal,  while  the  tube  is  held  nearly 
horizontally.  We  soon  see  that  water  has  collected  in  large 
amount  in  the  cold  end  of  the  tube,  while  only  a  white  powder 
is  left  behind.  It  is  now  easy  to  understand  what  occurred  when 
the  large  crystal  was  exposed  in  the  open  air.  It  dissociated  into 
the  white  powder  and  water  which  disappeared  as  vapor.  The 
analysis  of  the  thoroughly  dried  powder  would  show  that  it 
contains  only  sodium,  sulfur,  and  oxygen,  and  in  the  proportions 
represented  by  Na2S04,  and  since  the  clear  crystals  yielded  only 
Na2S04  and  water,  their  composition  must  be  represented  by 
Na2S04 .  JcHaO,  where  x  is  s.  whole  number  which  must  be  found 
by  means  of  a  quantitative  analysis.  We  call  the  original  sub- 
stance the  hydrate  of  sodium  sulfate,  a  hydrate  of  a  salt  being 
a  compound  of  the  salt  with  water. 

We  may  now  make  the  equation  for  the  formation  of  this 
salt  from  sulfuric  acid.  We  took  H2SO4  and  NaOH  and  got 
NaaS04,  from  which  we  see  that  if  two  formula  weights  of  water 
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were  formed  from  one  formula  weight  of  H,SO,  ana  two  of  NaOH, 
the  whole  of  the  material  taken  w-ould  be  accounted  for  thus: 

H^SO^+jNaOH  h*  Na,S04+  2H,0. 
This  conclusion  is  rendered  probable  by  the  fact  that  in  the  other 
anilralizations  we  have  studied  water  was  always  one  of  the 
products;  it  may  be  confirmed  by  mixing  with  dry  sodium 
hydroxide  pure  sulfuric  acid,  whereupon  water  and  Na,SOj  will 
result.  The  salt  Na^SOj  is  called  sodium  sulfate.  Crystals  of 
anhydrous  sodium  sulfate  are  different  in  form  from  those  of  the 
hydrate. 

95.  Quantitative  Analysis  of  &  Hydrate. — Let  us  now  cxsnsider 
the  quantitative  composition  of  the  large,  glassy  crystals  which 
yielded  Na,SO,  and  water.     If  we  weigh  a  crystal  contained  in  a 
porcelain  dish  and  allow  it  to  stand  a  day  or  two  at  room  tempera- 
ture we  find  that  only  the  white  powder  remains.     If  we  now  heat 
iht  dish  and  contents  over  a  flame  in  order  thoroughly  to  dry 
ihe  powder,  and  let  it  cool  and  weigh  it  again,  it  is  obvious  that 
the  loss  of  weight  will  represent  the  weight  of  water  originally 
conhincd  with  tJie  weight  of  dry  NajSO,  left  in  the  dish, 
r  j6.  Sodium   Sulfate   Decahydrate:     Na,S04-ioH,0.— Now 
J  that  5 .  796  g.  of  the  hydrate  of  sodium  sulfate  yielded 
J56  g.  of  dried  sodium  sulfate,  NajSO,,  what  is  the  formula  of 
t  hydrate?     In  other  words,  what  is  the  numerical  value  of 
Bthe  formula  NoiSO^-aHjO?     The  weight  of  water  driven  o£f 
5 .  796—  2 .  S56  =  3 .  240  g.     We    may    therefore    write    the 
Jortion,  2.556  is  to  3.240  as  the  formula  weight  of  sodium 
blc  is  to  the  X  times  the  formula  weight  of  water.     Now,  the 
mula  weight  of  sodium   sulfate   is   2X23+32+4X16  =  142 
Bid  that  of  water  is  2X1  +  16  =  18.     Therefore  2.556:3,240: : 
143:  i&r,  from  which  we  find  that  a:  =  10,  and  are  thus  led  to  the 
elusion  that  the  hydrate  of  sodium  sulfate  has  the  formula 
^0,-ioH,0.     If    the   reaction    between    sulfuric    acid    and 
hydroxide   is   represented    by    the   equation   HjSO^+ 
0H->NajS0,+  2H,O,    then    the    hydrate    Na,SO,-ioH,0 
t  have  resulted  from  the  union  of  the  sodium  sulfate  with 
if  the  water  which  formed  the  solution,  thus: 
Na^O,+  ioH,0  -^  Na,SO,-  loH^O. 
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This  substance  is  called  sodium  sulfate  decahydrate  {deca  mean- 
ing ten). 

97.  Hydrates. — Sodiimi  sulfate  forms  other  compounds 
with  water,  namely  Na2S04«7HaO  and  Na3S04'H20;  but  the 
decahydrate  is  the  common  one.  Many  other  salts  form 
hydrates  and  some  form  a  series  of  hydrates,  as  this  salt  does. 
But  it  must  not  be  supposed  that  all  salts  form  hydrates.  For 
example,  sodium  chloride  and  ammoniimi  chloride  do  not. 

Solutions  of  the  hydrated  salt  have  exactly  the  same  prop- 
erties as  those  of  solutions  of  the  anhydrous  salt. 

98.  Sodium  Hydrogen  Sulfate:  NaHS04. — If  we  exactly 
neutralize  a  definite  quantity  of  sulfuric  acid  with  a  solution  of 
sodium  hydroxide,  noting  the  volmne  of  the  latter  used,  and  again 
add  to  a  second  portion  of  sulfuric  acid,  exactly  equal  to  the  first, 
exactly  half  as  much  sodimn  hydroxide  solution  as  that  used 
in  the  first  case,  we  find  that  the  first  solution  yields  when 
evaporated  pure  sodiimi  sulfate,  Na2S04;  while  the  second  gives 
crystals  having  a  different  shape  and  appearance,  and  different 
chemical  properties.  Analysis  shows  that  the  composition  of 
these  crystals  is  represented  by  the  formula  NaHS04.  The 
substance  is  called  sodium  hydrogen  sulfate.  The  equation  for 
the  reaction  in  the  second  case  is 

HaS04+NaOH->  NaHS04+H,0. 

99*  The  Law  of  Definite  Composition  Again. — ^We  may  now 
consider  one  of  the  most  important  and  fundamental  of  all 
chemical  questions,  namely,  whether  the  proportions  of  the 
elementary  constituents  of  a  substance  are  dependent  upon  the 
proportions  which  we  take  of  the  substances  from  which  we  form 
the  .product  in  question.  For  example,  we  may  inquire 
whether  we  could  get  a  sulfate  of  sodimn  with  a  somewhat 
larger  or  smaller  percentage  of  sodium  if  we  had  used,  in  the 
preceding  experiment,  other  proportions  of  acid  and  base. 
Experiment  will  show,  however,  that  if  we  had  added  a  little 
more  or  less  sodiima  hydroxide  we  would  still  have  been  able  to 
obtain  much  NaHS04,  but  that  in  such  cases  there  would  also 
be  some  NaaS04  formed  or  a  little  free  sulfuric  acid  left  after  all 


ihe  NaHSO,  had  been  separated  from  the  water.  Facts  like 
these  which  arc  met  with  on  every  hand  give  a  special  significance 
to  the  Law  of  De&nite  Composition. 

too.  Acid  Properties  of  Sodium  Hydrogen  Sulfate. — We  see 

that  sodium  sulfate,  Na^SOj,  contains  exactly  twice  the  weight  of 

[     lodimn  for  a  given  weight  of  sulfur  and  oxygen  as  does  sodium 

^HMrogen     sulfate,     NaHSO^.     Moreover,     we     have     become 

^Bbqu^inted  with  the  important  fact  that  sulfuric  add  can  form 

^In  sorts  of  sodium  salts.     If  we  dissolve  crystals  of  sodium  hydro- 

'     gen  sulfate  in  water,  we  find  that  the  dilute  solution  has  a  sour 

taste  and  it  turns  litmus  red,  for  which  reasons  we  should  be 

..  Jndined  to  say  that  it  has  acid  properties.     In  accord  with  this 

',  we  find  that  the  solution  will  readily  neutralize  a  solution 

■  sodium  hydroxide,  giving  sodium  sulfate  and  water,  thus: 

NaHSO,+NaOH^Na,SO^+H,0. 

loi.  Ammonium   Sulfate   and   Ammonium   Hydrogen   Sul- 
— If  we  completely  neutralize  sulfuric  acid  with  a  solution 
(f  ammonitm)  hydroxide,  we  obtain  a  salt  called  ammonium  sul- 
'  e  (NHJ^SO,,  thus: 

H,S0,+  2NH,0H^  (NHj^O^+iHjO; 

le  with  half  the  proportion  of  ammonium  hydroxide  we  obtain 
a  hydrogen  sulfate,  thus: 

H,SO,+  NH,OH^  NH,HSO.+H,0. 

102.  Monobasic  and  Dibasic  Acids:  Acid  Salts  and  Neutral 
Silts. — Hydrochloric  acid  reacts  with  sodium  hydroxide  only  in 
one  proportion,  thus: 

HCl+NaOH^  NaCl+H,0, 

which  reason  we  call  it  a  monobasic  acid;    but  since  one 

iermula  weight  of  sulfuric  can  unite  with  a  maximum  of  two 

formula  weights  of  sodiiun  hydroxide  we  call  sulfuric  acid  a 

acid.    Salts  in  which  but  half  the  maximum  quantity 

has  been  neutralized  are  usually  called  acid  salts,  because 

still  have  acid  properties.     Thus  we  frequently  speak  of 

acid  sulphate,  meaning  NaHSO,,     Chemists  know  a 
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other  dibasic  acids,  all  of  which  also  can  form  acid  salts  as  well  as 
neutral  salts,  as  salts  like  NaaS04  are  called. 

103.  Making  Hydrochloric  Acid  from  Common  Salt. — If  we 
place  in  a  flask  (Fig.  23)  58  g.  of  dry  common  salt  and  100  g.  of 
sulfuric  acid,  to  which  30  g.  of  water  have  been  added,  and  warm 
the  mixture,  a  change  occurs  with  the  production  of  a  colorless 
gas  which  dissolves  in  water  very  readily,  giving  a  solution  which 
we  can  easily  recognize  as  hydrochloric  acid.  After  the  action 
of  the  sulfuric  acid  on  the  salt  is  complete,  a  white  solid  is  left  in 
the  flask,  which  may  easily  be  dissolved  in  water.  By  evaporat- 
ing part  of  the  water,  and  letting  the  solution  stand  a  while,  we 

may  obtain  colorless,  transparent 
1  crystals  of  sodium  hydrogen 

sulfate.    The  following  equation 
represents  the  reaction: 


NaCl+HaS04  ->  NaHS04+HCl. 

We  have  to  deal  here  with  a  new 

sort  of  chemical  change — one  in 

Fig  23  which  an  acid  acts  upon  a  salt  of 

another  acid  to  give  a  salt  of  the 
first  acid  and  to  produce  the  acid  corresponding  to  the  first  salt. 
This  is  a  very  important  kind  of  chemical  reaction,  which  we 
shall  frequently  make  use  of,  since  by  its  means  we  may  make 
acids  from  their  salts. 

104.  Making  Nitric  Acid  from  Chile  Saltpeter. — ^We  shall  now 
use  the  method  just  described  for  the  preparation  of  a  new  acid 
from  a  white,  crystalline  substance  called  Chile  saltpeter,  which 
is  found  in  large  quantities  as  a  mineral  substance  in  the  desert 
region  of  Chile. 

If  we  place  85  g.  of  Chile  saltpeter  in  a  retort  (Fig.  24),  add 
100  g.  of  sulfuric  acid,  mixed  with  30  c.c.  of  water,  and  then  heat 
the  mixture  gently,  a  yellow-colored  liquid  may  be  collected  in  a 
cooled  flask.  This  yellow  liquid  gives  off  a  brown  g'as  and 
becomes  colorless  when  boiled  a  few  minutes.  Its  analysis  shows 
its  formula  to  be  HNO3  and  it  is  called  nitric  acid.  It  is  a  color- 
less liquid  which  may  be  boiled  and  distilled  in  glass  vessels. 
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Pure  or  concentrated  nitric  acid  is  even  more  dangerous  than 
sulfuric  acid,  causing  serious  bums  and  destroying  clothing, 
and  must  be  handled  with  greatest  care.     Il  will  mix  with  water 

ill ili  proportions,  giving  a  solution  which,  when  very  dilute,  has 
a  sour  taste  and  turns  litmus  red. 

When  nitric  acid  is  mixed  with  sodium  hydroxide  solution  the 
lalter  b  neutralized,  a  salt  of  the  composition  NaNOj  and  water 
l)eiiig  the  only  products,  as  represented  by  the  equation 

HNOj+NaOH  ->  NaNO,+  H,0. 
The  salt,  which  is  called  sodium  nitrate,  is  found  to  be  identical 
ivilh  purilied  Chile  saltpeter.  Tht 
action  of  sulfuric  acid  on  saltpeter 
Itives  in  the  retort  a  white  solid 
*bidi  closeiy  resembles  that  left 
when  salt  is  heated  with  sulfuric  acid, 
and. IB  fact,  the  residue  is  easily  found 
to  be  the  same  substance,  sodium 
hydrogen  sulfate,  NaHSO,.  The 
equation  for  the  reaction  is  therefore 

NaNO,+H,SO.^NaHSO,+HNOj. 

105.  The  Action  of  Nitric  Acid  on  Ammonium  Hydroxide. — 
We  may  now  propose  a  question  to  be  answered,  not  after  direct 
opcriment,  but  as  a  result  of  the  general  knowledge  we  have 
pined  regarding  the  behavior  of  the  acids  and  bases  already 
Studied.  It  is:  What  would  be  the  result  of  mixing  nitric  acid 
and  ammonium  hydroxide?  We  recall  that  hydrochloric  acid 
and  sodium  hydroxide,  a  base,  give  sodium  chloride  and  water, 

^K  HCl+NaOH->  NaCl+H,0; 

^^■t  the  same  acid  gives  with  ammonium  hydroxide,  also  a  base, 

^^pmonium  chloride  and  water,  thus; 

H  HC1+NH,0H^NH,C1+HA 

^^irthermore,  we  have  just  seen  (104)  that  nitric  acid  and  sodium 

iiytlroxide  give  sodium  nitrate  and  water,  thus: 
HNOj+NaOH  -*  NaNO,+H,0, 


Fig.  34 
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and  we  would  certainly  expect  that  nitric  acid  and  ammonium 
hydroxide  would  behave  analogously  and  give  ammonium  nitrate 
and  water,  thus: 

HNO3+NH4OH  ->  NH4N03+HaO. 

Now  this  is  precisely  what  takes  place  when  we  test  our  prediction 
by  experiment.  We  seem,  therefore,  to  have  discovered  the 
secret  of  the  way  in  which  acids  and  bases  act  toward  each  other. 
It  may  be  siunmed  up  in  the  statement.  An  acid  and  a  base 
neutralize  each  other,  forming  a  salt  and  water. 

X06.  A  New  Base:  Caustic  Potash  or  Potassium  Hydroxide. 
— ^Let  us  now  take  up  the  study  of  a  new  base,  caustic  potash, 
which  closely  resembles  caustic  soda  (sodimn  hydroxide).  It 
will  be  remembered  that  the  metal  sodiiun  reacts  violently  with 
water,  giving  sodium  hydroxide  and  hydrogen  gas,  thus: 

2Na+  2HaO  ->  2NaOH+Ha.  (88) 

Now,  chemists  know  another  metallic  element,  potassium,  which 
closely  resembles  sodium.  Like  sodium,  it  is  a  silver-white 
metal,  soft  enough  to  be  cut  easily  with  a  knife  and  tarnishing 
very  rapidly  in  the  air.  For  a  reason  that  we  shall  soon  learn  it 
is  kept  covered  with  oil  in  a  carefully  stoppered  bottle.  If  we 
throw  a  small  bit  of  potassium  into  a  beaker  of  water,  it  bursts 
into  a  flame  of  lavender  color,  spinning  and  darting  to  and  fro 
on  the  surface  of  the  water  and  completely  disappearing  in  a  few 
moments.  Examination  of  the  water  shows  that  it  will  turn 
litmus  blue,  that  it  has  a  "soapy"  taste,  like  a  very  dilute  solu- 
tion of  sodium  hydroxide,  and  that  a  white  solid  is  left  when  the 
solution  is  evaporated  to  dryness.  This  solid  is  foimd  by  suitable 
methods  of  analysis  to  contain  the  elements  potassium,  oxygen, 
and  hydrogen  in  the  proportion  represented  by  the  formula 
KOH,  and  is  called  potassium  hydroxide. 

If  instead  of  throwing  the  bit  of  potassium  on  the  siwface  of 
the  water  we  bring  it  under  the  mouth  of  an  inverted  cylinder 
filled  with  water,  with  the  mouth  immersed  in  a  vessel  of  water, 
the  potassium  rises  to  the  top  of  the  water  in  the  cylinder,  pro- 
ducing a  gas  which  displaces  the  water  in  the  cylinder,  but  does 
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not  take  fire.  The  gas  is  easily  identified  as  hydrogen,  while  the 
water  contains  dissolved  potassium  hydroxide  as  before.  The 
equation  for  the  reaction  in  the  cylinder  is 

2K+2HaO->  2K0H+Ha. 

When  the  action  takes  place  in  the  open  beaker,  the  heat  pro- 
duced sets  fire  to  the  hydrogen,  which  bums,  together  with  a  small 
portion  of  the  potassium. 

107.  Potassium  Salts.— On  account  of  the  behavior  of  a  solu- 
tion of  potassiimi  hydroxide  toward  Utmus  and  also  because  of  its 
"soapy"  feel  and  taste,  we  should  conclude  that  it  is  a  base  and 
if  so  that  it  should  form  salts  with  acids.  We  might  even  venture 
to  predict  the  formulae  of  the  salts  it  would  be  expected  to  form 
with  hydrochloric,  sulfuric,  and  nitric  acids,  and  to  write  the 
equations  as  follows: 

HCl+KOH  ->  KCl+HaO 

HaS04+  2KOH  ->  K,S04+  2HaO 

HaS04+K0H  ->  KHS04+HaO 
HNO3+KOH  ->  KNOj+HaO. 

And  in  every  case  these  predictions  would  be  found  by  experiment 
to  be  correct!  The  potassium  salts  so  formed  are  all  white 
crystalline  solids  and  are  all  soluble  in  water.  All  except  potas- 
sium hydrogen  sulfate  give  solutions  which  are  neutral  to  litmus, 
while  this  salt  has  acid  properties  like  those  of  sodium  hydrogen 
sulfate. 
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WATER  AND  SOLUTIONS 
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io8.  Water. — ^We  have  already  learned  that  pure  water  is 
readily  obtained  by  the  distillation  of  natural  waters  (23),  and 
that  it  is  a  compound  of  hydrogen  and  oxygen,  the  composition 
of  which  is  represented  by  the  formula  HaO  (70).  In  describing 
a  substance  we  shall  often  mention  its  physical  and  chemical 
properties.  The  properties  of  a  substance  embrace:  the  gjfta 
(whether  solid,  liquid,  or  gaseous) ;  rrvRt^Djnft  fg[p]|,  if  solid; 
specific  gravity  or  density ;  color;  odor;  taste;  conductivity  for 
heat  and  electricity;  boiling-point;  freezing-point,  etc.  The 
chemical  properties  of  a  substance  are  those  which  it  exhibits  in 
its  typical  chemical  reactions. 

109.  The  Physical  Properties  of  Water:  Color. — ^We  know 
that  according  to  the  temperature  water  can  exist  as  solid,  liquid, 
or  gas.  The  color  of  Uquid  water  is  a  very  faint  blue;  so  faint,  in 
fact,  that  it  cannot  be  noticed  in  a  glass  of  water,  but  is  obvious 
in  a  white  bathtub  full  of  clear  water.  The  color  of  large  bodies 
of  clear  water  is  usually  blue,  but  it  may  be  of  any  other  shade 
if  dissolved  or  suspended  impurities  (mud)  are  present.  The 
yellow  color  of  the  waters  of  many  rivers  is  due  to  suspended 
clay;  such  water  is  not  clear,  but  muddy  or  turbid.  Streams  and 
lakes  in  hemlock  forests  often  contain  perfectly  clear  water 
having  the  color  of  tea,  due  to  coloring-matter  dissolved  from 
the  hemlock.  The  clear  green  color  of  some  waters  is  usually 
the  result  of  the  blending  of  the  natural  blue  color  of  the  water 
with  the  yellow  light  reflected  from  the  sand  beneath. 

no.  Specific  Gravity  or  Density. — ^At  the  temperatiwe  of 
4**  C,  I  c.c.  of  water  weighs  i  g.  Since  the  specific  gravity  or 
density  of  any  substance  may  be  defined  as  the  weight  of  i  CjC  it 
fpllows  that  water  has  a  specific  gravity  of  i .  000  at  4*^  C.  Or,  we 
may  say  that  the  specific  gravity  or  density  of  a  substance  is 
found  by  dividing  its  weight  by  the  weight  of  an  equal  volume  of 
water.    Water  has  its  greatest  density  at  4° ;  if  a  giveii  volimie 
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water  at  4°  is  either  heated  or  cooled,  it  expands  and  therefore 
decreases  in  density. 

III.  Specific  Heat. — The  quantity  of  heat  required  to  raise 

temperature  of  i  g.  of  water  1°  C.  is  by  definition  called  one 

Water  is  said  to  have  a  specific  heat  of  one  or  unity. 

■ijic  heal  of  any  substance  is  the  quantity  of  heal  in  calories 

to  raise  the  teptperalure  of_oiie_gram  of  it  one  decree. 

N'tarly  all  substances  have  specific  heats  less  than  unity. 

II.  Vapor  Pressure, — Water  contained  in  an  open  vessel 
irates  at  all  temperatures,  but  the  more  rapidly  in  proper- 
as  the  temperature  is  higher,  other  things  being  equal.     If 
evaporates  into  an  evacuated  space  the 
pressure  within  the  space  increases  to  a  value 
hich  is  dependent  only  upon  the  tempera- 
being  greater  in   proportion   as   the 
■ature  is  higher.     The  pressure  so  pro- 
is  called  the  vapor  pressure  of  water; 
iBay  easily  be  demonstrated  by  means  of  a 
imcter  tube  filled  with  mercury.    If  wc 
ire  two  such  tubes  (Fig.  25}  and  intro- 
a  few  drops  of  water  into  one  by  means 
a  suitably  shaped  glass  tube,  the  water 
rise  until  it  floats  on  the  surface  of  the 

At  the  same  time  the  level  of  the  mercury  will 
2  or  3  cm.,  showing  that  a  pressure  has  been  produced 
the  mercury  in  the  space  which  has  been  a  vacuum. 
iC  tube  into  which  the  water  is  introduced  has  a  glass  jacket 
which  warm  water  can  be  poured,  it  will  be  found  that 
higker  the  temperature  is,  the  higher  llie  vapor  pressure  will  be. 
'e  should  raise  the  temperature  to  100°,  the  level  of  the 
in  the  barometer  tube  would  sink  to  that  of  the  surface 
le  mercury  in  the  dish  in  which  the  tube  stands,  thus  show- 
that  Ae  vapor  pressure  at  100°  is  equal  to  the  pressure  of  lite 
isphere.    Table  VII  shows  the  vapor  pressure  of  water  at 

temperatures  between  0°  and  100°. 
When  tile  atmospheric  pressure  is  760  mm.,  water  boils  at 
'.    Now,  we  see  from  the  table  that  at  100"  the  vapor 


being  equal.     If 
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pressure  is  760  mm.,  therefore  the  boiling-point  is  that  temperature 
at  which  the  vapor  pressure  becomes  just  equal  to  the  normal  aimos- 
pheric  pressure,  760  mm.,  which  is  the  average  pressure  at  sea- 


TABLE  Vn 


Temperature 

Pressure 

Temperature 

Pressure 

0** 

10 

20 

30 

40 

50 

4 . 6  mm . 
9.2 

17  4 
31.6 

550 

92.2 

60° 

70 

80 

90 

99 

ioo 

149 . 2  mm. 

233  8 

355-5 
526.0 

733-2 
760.0 

level.  At  higher  altitudes,  at  which  the  atmospheric  pressure 
is  less  than  760  mm.,  water  boils  at  temperatures  lower  than 
IOO**.  Thus  if  the  pressure  is  733.2mm.,  the  boiling-point  is 
99**.  Since  the  atmospheric  pressure  at  a  given  place  is  variable 
through  a  range  of  20  mm.  or  more,  the  boiling-point  at  this 
place  is  not  constant,  but  varies  with  the  rise  and  fall  of  the 
barometer. 

113.  Correction  of  the  Volume  of  a  Gas  for  Vapor  Pressure. — 
Gases  like  hydrogen  and  oxygen,  which  are  not  very  soluble  in 

water,  are  often  measured  in  tubes  in  which  the 
gases  are  confined  by  means  of  water.  Such  gases 
always  contain  water  vapor,  and  part  of  the  total 
pressure  exerted  by  the  gas  is  due  to  the  vapor 
pressure  of  the  water.  The  part  of  the  pressure 
(partial  pressure)  exerted  by  the  gas  itself  is  found 
by  subtracting  from  the  total  pressure  the  vapor 
pressure  of  the  water.  For  example,  suppose  that 
some  hydrogen  is  collected  over  water  in  a  grad- 
uated glass  tube  (Fig.  26).  If  the  position  of  the 
tube  is  adjusted  so  that  the  level  of  the  water  is  the  same  inside 
the  tube  as  outside,  the  total  pressure  within  must  be  exactly 
equal  to  the  atmospheric  pressure,  as  shown  by  the  barometer. 
Suppose  that  the  barometric  pressure  is  748.6  mm.  and  the 
temperature  20**.  Table  VII  shows  that  at  20°  the  vapor 
pressure  of  water  is  17.4  mm.,  therefore  the  pressure  due  to  the 


Fig.  26 
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is  748.6—17.4: 
3oc.t.,  the  volume, 


731,2  mm.    If  the  observed  volume 
^,  at  standard  conditions  would  be 


_  30X731 


■OX  30.} 


=  26  gc.c. 
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f  114.  Vapor  Pressure  of  Liquids  and  Solids  in  General. — 
Liquids  in  general  readily  pass  into  the  form  of  vajwr,  and  just 
as  in  the  case  of  water,  a  given  pure  liquid  has,  at  each  temf>era- 
ture,  a  deiinite  vapor  pressure;  but  the  vapor  pressure  of  one 
liquid— say  alcohol— is  not  in  general  the  same  at  a  given 
tonperature  as  that  of  another  liquid — say  water.  In  every 
«,  however,  the  boiling-point  of  the  liquid  is  that  temperature  at 
wh  ils  vapor  Pressure  eiiuals  jSo  mm.  Many  solids,  for 
mple,  camphor  and  naphthalene  (moth-balls),  have  appre- 
:  vapor  pressures  at  room  temperature;  but  the  vapor 
s  of  most  solids  at  such  temperature  are  too  small  to  be 

115, ^IBM  Heat  of  Ev^ioradon.— If  it  is  true  that  water 

boils  at  100°  because  at  this  temperature  the  vapor  pressure  of 

Mkr  just  equals  the  normal  atmospheric  pressure,  it  may  be 

adkei  why  the  whole  of  the  water  does  not  change  at  once  into 

steam  as  soon  as  its  temperature  is  raised  to  100°.    We  know,  of 

course,  that  thi'^  does  not  occur,  and,  further,  that  the  rapidity 

^HUi  which  water  boils  away  is  greater,  the  greater  the  amount 

^Htheat  applied.     The  explanation  is  found  in  the  fact  that  it 

^HptVu  a  large  amount  of  heat  to  change  water  at  100°  into  steam 

^HtC&eMffK  temperature.     In  fact,  540  calories  of  heat  arc  required 

Hpt  the  conversion  of  i  g.  of  water  at  100°  into  steam.     The  heat 

soused  up  does  not  raise  the  temperature  of  the  substance.     It  is 

CfJUMimed  in  changing  the  liquid  water  into  the  gaseous  state; 

It  is  said  to  become  latent,  and  in  consequence  we  say  that  the 

at  of  evaporation  of  water  is  5./0  calories.     Every  pure 

s  a  latent  heat  of  evaporation.    This  differs  from  one 

;  to  another. 

.  Use  of  Steam  for  Heating. — When  steam  cools  to  100'  it 

s  lo  condense  to  liquid  water,  and  for  every  gram  of  steam 

t  coodenses  540  calories  of  heat  are  pven  out.    The  heat 
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so  given  out  may  be  cx)nsidered  to  be  that  which  became  latent 
when  the  water  was,  by  being  heated,  converted  into  steam.  It 
is  on  account  of  the  latent  heat  given  out  upon  condensation  thai 
steam  is  so  effective  in  the  heating  of  buildings:  every  gram  of 
steam  that  condenses  in  the  radiator  liberates  540  calories  of 
heat.  Of  course,  the  further  cooling  of  the  water  in  the  radiator 
gives  out  some  additional  heat. 

117.  Bums  Produced  by  Steam. — It  is  a  well-known  fact 
that  serious  bums  result  when  steam  comes  in  contact  with  the 
skin.  At  first  thought,  this  result  seems  to  be  out  of  harmony 
with  the  fact  that  air  at  100**  can  be  borne  by  the  hand  without 
discomfort.  The  explanation  of  this  difference  is  foimd  in  the 
fact  that  gases  (including  the  vapors  of  boiling  liquids)  are  very 
poor  conductors  of  heat  as  compared  with  liquids.  Steam  at  100® 
partly  condenses  on  striking  the  skin  and  wets  it  with  a  layer 
of  boiling-hot  water,  which  is  a  good  conductor  of  heat.  Further- 
more, since  540  calories  of  heat  are  given  out  by  every  gram  of 
steam  condensed  to  water,  the  latter  is  kept  at  100**  as  long  as 
steam  is  present.  On  the  other  hand,  air  is  so  poor  a  conductor 
of  heat  that  the  skin  is  not  burned  by  a  brief  exposure  to  it  at  100®. 

118.  Latent  Heat  of  Fusion  of  Ice. — Ice  melts  at  o**;  but  all 
of  a  given  mass  of  ice  does  not  melt  immediately  when  its 
temperature  is  raised  to  zero.  Just  as  heat  is  required  to  change 
liquid  water  into  vapor,  so  also  heat  is  needed  to  change  ice  at 
zero  into  water  at  the  same  temperature.  The  heat  so  absorbed 
is  called  the  latent  heat  of  fusion  of  ice.  It  requires  79  calories 
to  melt  I  g.  of  ice;  therefore  the  latent  heat  of  fusion  of  ice  is 
79  calories.  Every  solid  has  a  definite  and  characteristic  latent 
heat  of  fusion. 

119.  The  Density  of  Ice. — ^The  density  or  specific  gravity  of 
ice  is  o.  917.  It  is  for  this  reason  that  ice  floats  on  water.  The 
expansion  which  occurs  when  water  freezes  exerts  very  great 
pressure,  illustrations  of  which  are  often  seen  in  the  bursting  of 
water  pipes  and  other  vessels  when  water  freezes  in  them.  Not 
all  liquids  expand  upon  freezing;  in  many  cases  contraction 
occurs,  thereby  giving  rise  to  solids  which  sink  in  the  correspond- 
ing liquids. 
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no.  Solutions  and  Suspensions. — The  mixture  which  results 
upon  dissolving  salt  in  water  is  called  a  solution  of  aalt  in  water. 
The  temis  "dissolve"  and  "dilution"  are  used  in  chemistry  with 
ddiniie  meanings.  If,  upon  mixing  a  solid  with  a  liquid,  the 
lormtT  partly  or  wholly  disappears  and  the  resulting  hquid  is 
iiiH  dear  and  transparent  and  not  cloudy  or  muddy,  and  if, 
moreover,  upon  allowing  the  liquid  to  evaporate  we  regain  the 
iradianged  solid  substance,  we  say  that  the  solid  had  dissolved 
in  the  liquid  to  form  a  solution.  Either  or  both  of  the  substances 
nuy  be  colored  and  still  a  clear  (although  colored)  solution  may 
reuit.  The  liquid  in  which  a  substance  is  dissolved  is  called  the 
solvent. 

If  we  stir  up  some  common  clay  with  water,  much  of  the  clay 
.\ils  to  settle  out  of  the  water  at  once,  and  we  get  a  cloudy  or 
muildy  fluid,  like  the  water  of  a  muddy  river.  In  this  case  we 
<lu  not  say  that  the  clay  has  dissolved  in  the  water  or  that  we  have 
J  true  solution  of  the  clay.  We  say  that  the  clay  is  suspended 
III  the  water,  and  call  the  muddy  water  a  suspension.  Clay 
iifientied  in  water  will  setlJe  out  very  slowly  and  finally  leave 
-iiar  water  above  a  layer  of  mud. 

121.  The  Concentration  of  Solutions. — A  solution  containing 
a  small  proportion  of  a  dissolved  substance  is  said  to  be  dilute, 
"hile  one  containing  a  large  proportion  is  called  concentrated. 
We  dilute  a  concentrated  solution  by  adding  solvent  to  it,  and 
'iQcentraleadilutesolutionby  evaporating  the  solvent.  We  use 
tiic  term  concentration  in  discussing  the  relative  amount  of 
dissolved  substances  in  a  solution. 

133.  Solubility  of  Substances:  Saturated  Solutions. — It  is 
asy  to  discover  that  the  amount  of  a  substance  which  will  dis- 
■4vc  in  a  given  amount  of  water,  say  loo  c.c,  depends  upon  the 
Mture  of  the  substance  and  upon  the  temperature.  If  we  mix 
»me  common  salt  with  about  double  its  weight  of  water  and 
ilir  or  shake  the  mixture  a  sufficient  length  of  time  (usually  one 
to  two  hours),  keeping  the  temperature  constant  all  the  while, 
irnJ  then,  after  allowing  any  suspended  crystals  to  settle,  draw 
oil  a  portion  of  the  dear  solution,'  weigh  it,  and  cva|>oratc  the 

a,  we  get  the  salt  dissolved  in  the  jiortion  of  the  solution 
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taken.  By  weighing  the  salt  we  can  readily  find  the  weight  of 
salt  dissolved  in  a  given  weight  of  water  at  the  temperature  at 
which  the  experiment  was  made.  We  find  in  this  way  that 
ICO  g.  of  water  at  25**  dissolves  37.6  g.  of  salt. 

To  make  such  a  solubility  determination  we  must  observe 
several  precautions:  First,  the  amount  of  solid  substance  must 
be  considerably  greater  than  the  amount  of  water  taken  will  dis- 
solve; secondly,  the  shaking  must  be  continued  as  long  as  more 
substance  dissolves — this  is  easily  ascertained  by  prolonging  the 
shaking  and  making  additional  determinations  of  the  concentra- 
tion of  the  solution;  thirdly,  the  temperature  must  be  kept 
constant. 

A  solution  which  at  a  fixed  temperature  will  dissolve  no  more 
of  a  given  substance  is  called  a  saturated  solution.  When  we 
speak  of  the  solubility  of  a  substance  we  mean  the  amount  of 
substance  dissolved  in  a  given  amount  of  water  in  the  case  of 
the  saturated  solution.  The  following  brief  table  gives  the 
solubilities  in  water  at  25**  of  several  salts. 


TABLE  VIII 
Grams  op  Substance  in  100  g.  op  Water  at  25* 


NaCl 

NaaS04  •  loHaO 
NaNO, 


34  g. 
12 

37 


(  123.  Supersaturated  Solutions. — ^At  25°  100  g.  of  water  will 
dissolve  27  g.  of  sodium  sulfate  decahydrate,  NaaS04-ioH20, 
while  at  30**  the  same  amount  of  water  will  dissolve  40  g.  of  the 
salt.  If  we  make  a  saturated  solution  of  the  salt  at  30**,  having 
an  excess  of  crystals  of  the  salt  present,  and  then  cool  the  whole 
to  25°,  and  keep  it  at  25**,  stirring  or  shaking  it  for  an  hour  or  two, 
more  solid  is  deposited  and  there  results  a  solution  which  contains 
just  the  same  weight  of  the  salt  in  100  g.  of  water  as  a  saturated  solu- 
tion at  25**,  namely,  27  g. 

A  slight  change  in  the  procedure  gives  a  very  different  result 
and  brings  to  light  a  new  phenomenon.  If  the  solution  of  sodium 
sulfate  which  is  saturated  at  30**  is  freed  from  every  particle  of  the 
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solid  crystuUitie  substance  and  then  allowed  to  cool  to  25°  or  even 
hvia,-a.'ilhout  being  stirred  or  shaken, it  remains  perfectly  clear  and 
ilfKS  not  deposit  any  crystals.  Such  a  solution  contains  at  25" 
much  more  sodium  sulfate  than  a  saturated  solution  prepared 
jl  jj"  in  the  manner  described  in  the  preceding  paragraph. 
This  more  concentrated  solution  is  callqd  a  supersaturated 
solotioo.  If  we  now  drop  into  the  supersaturated  solution  a 
crystal  of  sodium  sulfate  (and  for  this  purpose  an  almost  in- 
■■■iable  fragment  of  the  crystalline  dust  will  be  sufBcient),  the 
inrmition  oj  crystals  will  begin  at  once  and  proceed  UQtil  the 
iraount  of  dissolved  substance  per  100  g.  of  water  is  reduced 
exactly  to  that  of  a  saturated  solution  at  the  existing  tempera- 
ture. 

Experience  has  shown  that  a  supersaturated  solution  can 
unly  be  obtained  in  the  complele  absence  of  the  solid  substance, 
and  that  a  supersaturated  solution  begins  to  deposit  its  excess 
of  dissolved  substance  when  a  crystal  of  this  same  substance  is 
^kought  into  the  solution.  The  deposition  of  crystals  by  a 
lersaturated  solution  can  also  often  be  started  by  shaking 
Ir  stirring  the  solution  or  by  adding  a  crystal  of  another  sub- 
mce  having  the  same  crystalline  form. 

I  Not  all  substances  form  supersaturated  solutions  equally 
dily.  The  presence  of  impurities  favors  supersaturation. 
js,  preserves,  and  honey  are  often  supersaturated  with 
pect  to  the  sugar  dissolved  in  the  water  present.  When  such 
lutions  "turn  to  sugar,"  this  is  only  the  crj'stallization  of  the 
is  of  sugar  above  that  required  to  make  a  saturated  solution. 
[  124.  Solubility  of  Liquids  in  Liquids. — It  is  proverbial  that 
D  and  water  will  not  mix."  On  the  other  hand,  some  pairs  of 
|Didg  will  mix  completely  in  all  proportions;  examples  of  such 
nbinations  are  water  and  alcohol  and  water  and  sulfuric  acid, 
■ektiow  other  pairs  of  liquids  that  will  not  dissolve  one  another 
\  &n  proportions,  but  that  will  dissolve  one  another  partially. 
pter  and  ether  belong  to  this  class;  100  c.c.  of  water  will 
(olve  8  c.c.  of  ether,  and  100  c.c.  of  ether  will  dissolve  5  c.c. 
water.  K  we  pour  ether  into  water,  we  find  that  the  former 
ts OQ  the  surface  of  the  latter.     If  equal  volumes  of  ether  and 
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water  are  thoroughly  shaken  together,  the  former  soon  separates 
from  the  latter,  and  two  distinct  layers  result  as  before.  If,  now, 
we  examine  each  layer,  we  find  that  the  water  contains  some 
dissolved  ether  and  the  ether  some  dissolved  water.  This  is  a 
case  of  partial  miscibility. 

125.  Solubility  of  Gases  in  Liquids. — ^We  have  already 
learned  that  hydrogen  chloride  (44)  and  ammonia  (51)  are  both 
very  soluble  in  water.  At  0°  water  dissolves  550  times  its  own 
volume  of  the  first  gas  and  1,150  times  its  voliune  of  the  second. 
No  gas  which  we  have  studied  is  completely  insoluble  in  water; 
for  example,  100  c.c.  of  water  dissolves  2 .  i  c.c.  of  hydrogen  and 
4.8  c.c.  of  oxygen.  Fishes  depend  for  their  existence  upon  the 
oxygen  dissolved  in  water;  by  means  of  their  gills  they  take 
from  the  water  the  oxygen  they  require. 

126.  Henry's  Law. — ^The  solubility  of  all  gases  decreases  with 
rise  of  temperature.  At  a  fixed  temperature  the  weight  of  gas 
dissolved  by  a  given  voliune  of  water  of  other  liquid  is  dependent 
upon  the  pressure  of  the  gas  and  is,  in  general,  directly  propor- 
tional to  the  pressure.  This  statement  is  known  as  Henry's 
Law.  The  law  does  not  apply  to  very  soluble  gases,  like  am- 
monia, dissolving  in  water — ^probably  because  chemical  union 
occurs,  since  we  know  that  NH4OH  is  formed  in  this  case  (91). 

127.  Heat  of  Solution. — If  we  shake  some  potassium  nitrate 
or  ammonium  chloride,  or  indeed  any  one  of  many  salts,  with 
water,  we  find  that  as  the  substance  dissolves  the  solution  becomes 
appreciably  colder.  This  indicates  that  heat  is  required  to  change 
the  solid  into  the  dissolved  state.  This  phenomenon  is  analogous 
to  that  met  with  when  a  solid,  like  ice,  melts.  It  requires  79^ 
calories  to  melt  i  g.  of  ice,  while  115  calories  are  absorbed  when 
I  g.  of  potassium  nitrate  dissolves.  That  is,  we  must  supply 
115  calories  to  i  g.  of  the  salt,  and  sufficient  water,  in  order  to 
prevent  a  fall  of  temperature  when  solution  takes  place.  The 
heat  so  required  is  called  heat  of  solution. 

When  any  substance  whatever  melts,  heat  is  required,  or  is 
absorbed,  and  we  might  expect,  similarly,  that  heat  will  always 
be  absorbed  when  a  substance  dissolves;  but  this  is  not  the  case. 
Many  substances,  upon  dissolving,  give  out  heat.    In  the  case  of  a 
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few  substances  the  absorption  or  evolution  of  heat  upon  dissolv- 
ing is  very  small.  Common  stilt  dissolves  in  water  with  very 
small  heat  absorption. 

ii8.  BoUing-Poiat  of  Solutions. — It  is  very  easy  to  show  that 
a  wtution  of  a  solid  substance,  like  salt  or  sugar  in  water,  boils 
ai  a  higher  temperature  than  pure  water.  This  is  an  invariable 
rule  for  solutions  of  substances  which  are  not  readily  volatile 
It  Ihc  boiling-point  of  water.  Now,  we  have  in  the  first  part  of 
iJus  chapter  (112)  considered  the  relationship  between  boiling- 
points  and  vapor  pressures,  and  it  will  easily  be  understood  that 
i  solntion  will  boil  at  the  temperature  at  which  the  pressure  of 
ita  vapor  is  equal  to  the  atmospheric  pressure. 

ug.  The  Lowering  of  the  Vapor  Pressure  by  Dissolved  Sub- 
(Unces.^If  a  solution  must  be  heated  above  100°  to  raise  its 
jor  pressure  to  that  which  water  has  at  100°,  it  is  clear  that  at 
Is  latter  temperature  the  solution  has  a  lower  vapor  pressure  than 
It  is  also  a  fact  that  at  every  lower  temperature  the 
i»r  pressure  of  a  solution  of  an  involatile  substance  is  less  than 
lit  of  the  pure  solvent  at  the  same  temperature.  This  is  a 
t  important  universal  law.  The  law  applies  to  solutions 
toed  from  all  kinds  of  solvents. 

I  130.  Deliquescence. — In  the  case  of  a  very  soluble  substance, 
e  caustic  soda,  the  vapor  pressure  of  the  saturated  solution 
nay  be  so  small  that  it  is  below  the  partial  pressure  exerted  by 
the  vapor  usually  present  in  the  air.  If  such  a  solution  is 
i  to  the  air,  water  vapor  from  the  air  will  condense  in  it 
1  the  solution  has  become  so  dilute  that  its  vapor  pressure 
>t  equal  to  the  partial  pressure  of  the  water  vapor  in  the  air. 
iver,  if  such  a  very  soluble  substance  is  exposed  to  air  con- 
g  moisture,  water  will  condense  on  the  solid,  thus  convert- 
lU  slowly,  first  into  a  saturated  solution,  and  finally  into  a 
■  solution.  This  action  is  called  deliquescence.  We  say 
IttJc  soda  is  a  deliquescent  substance,  A  little  thought  will 
i  to  the  conclusion  that  deliquescence  is  the  result  of  two  con- 
t  conditions;  first,  the  possibility  of  the  formation,  by  a 
^  of  a  saturated  solution  which  has  a  very  small  vapor 
1  as  compared  with  pure  water— a  condition  usually 
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accompanjdng  great  solubility;  and,  secondly,  the  presence  in  the 
air  of  a  sufficiently  great  water-vapor  content.  No  substance 
is  deliquescent  in  a  perfectly  dry  atmosphere,  while  every 
soluble  substance  exhibits  this  property  in  air  saturated  with 
water  vapor.  Deliquescence  is,  therefore,  not  a  fixed  property  of 
a  substance.  Thus  common  salt  is  usually  decidedly  deliquescent 
at  the  seashore,  where  the  air  contains  much  water  vapor;  but 
it  never  shows  this  property  in  a  desert  region. 

In  several  experiments  we  have  used  caustic  soda  or  calcium 
chloride  to  dry  air  or  other  gases  or  to  absorb  water  vapor  formed 
in  the  burning  of  hydrogen  (39,  50).  These  drying  agents  are 
among  the  most  deliquescent  substances  known. 

131.  Efflorescence. — In  paragraph  94  the  peculiar  behavior 
of  sodium  sulfate  decahydrate,  NaaS04,  loHaO,  when  exposed 
to  the  open  air  was  described.  We  are  now  in  a  position  to 
understand  more  about  this  spontaneous  loss  of  water.  If  a 
crystal  of  the  hydrate  is  floated  on  the  surface  of  mercury  in  a 
vacami  tube  like  one  of  those  shown  in  Figure  25,  the  mercury 
level  is  depressed  more  than  can  be  accounted  for  by  the  weight 
of  the  crystal.  Apparently  the  latter  is  giving  oflF  water  vapor 
and  attempting  to  establish  a  saturation  pressure.  This  pres- 
sure is  called  the  vapor  pressure  of  the  hydrate.  As  a  matter  of 
fact  all  hydrates  show  this  same  behavior,  with  the  difference 
that  each  has  its  own  characteristic  vapor  pressure  at  a  given 
temperature.  With  increased  temperature  the  vapor  pressure 
rises.  If  a  hydrate  is  exposed  to  air  in  which  the  partial  pressure 
of  water  vapor  is  less  than  the  vapor  pressure  of  this  substance, 
the  latter  will  give  off  water  to  the  air  just  as  a  water  surface 
does  to  air  in  which  the  partial  pressure  of  water  vapor  is  below 
the  saturation  value  for  water.  Along  with  the  loss  of  water, 
the  crystals  of  the  decomposing  hydrate  crumble  to  a  powder. 
This  process  is  called  efflorescence.  It  is  obvious  that  whether 
or  not  a  given  hydrate  effloresces  depends  not  only  upon  its  own 
vapor  pressure  but  upon  the  moisture  content  of  the  air  surround- 
ing it. 

132.  Effect  of  Temperature  on  Solubility. — ^The  solubility  of 
a  substancf^j  jthat  is,  the  amount  of  the  substance  which  dissolves 
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0  form  a  saturated  solution)  in  a  given  amount  of  water,  is 
dependent  upon  the  temperature.  Most  substances  are  more 
soluble  at  a  higher  than  at  a  lower  temperature;  but  this  is  not 
thiys  the  case,  as  the  solubility  of  some  substances  decreases 
wilh  rise  of  temperature.  In  fact,  gases  are  always  less  soluble 
at  3  higher  temperature. 
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I  The  change  of  solubility  with  change  of  temperature  can 
nt  easily  be  expressed  graphically,  that  is,  by  means  of 
called  solubility  curves.  The  accompanying  diagram  (Fig.  27) 
nslratcs  the  method  and  gives  the  curves  for  water  solutions  of 
stteral  substances. 

133.  E0ect  of  Crystalline  Form  on  Solubility.— Sodium  sul- 
^te  has  the  formula  Na^SO,.    By  the  action  of  water  we  may 
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readfly  obtain  the  hydrate  NaaSO^*  loHaO  (g6),  which  can  easily 
be  recrystallized  from  water,  as  described  under  "  Supersaturated 
Solutions"  in  this  chapter.  We  see  that  the  solubility  curve  for 
NaaSO^*  loHaO  rises  rapidly  until  a  temperature  of  33**  is  readied. 
At  this  temperature  the  crystals  melt  and  at  the  same  time 
decompose  into  NaaSO^  and  HaO,  thus: 

NaaS04-  loHaO  ->  Na,S04+  loHaO. 

Above  33**  we  have  the  solubility  curve  of  anhydrous  Na2S04, 
which  is  a  different  chemical  substance  from  its  hydrate.  Thus 
we  see  that  there  are  for  the  anhydrous  salt  and  its  hydrate  two 
distinct  solubility  curves,  and  that  these  intersect  at  a  point 
for  which  the  temperature  is  that  at  which  the  hydrate  changes 
into  the  anhydrous  substance.  This  is  a  typical  case.  Each 
hydrate  of  a  substance  has  its  own  solubility  curve;  but  these  always 
intersect  at  the  point  corresponding  to  the  temperature  at  which  one 
substance  changes  into  the  other.  The  difference  in  solubility  is 
due  to  the  fact  that  each  has  its  own  characteristic  crystalline 
form. 

134.  Heat  of  Solution  and  Changes  of  Solubility  with 
Temperature. — ^A  question  which  will  now  very  naturally  occur 
to  the  student  is:  Why  should  the  solubility  of  various  sub- 
stances change  with  temperature  in  diflferent  ways?  Although  a 
complete  and  satisfying  answer  cannot  be  given  to  this  question, 
it  is  possible  to  find  a  connection  between  the  shape  of  the  solu- 
bility curve  of  a  substance  and  another  fundamental  property. 
It  will  be  recalled  that  potassium  nitrate  absorbs  much  heat 
upon  dissolving  in  water,  and  we  notice  that  its  solubility  curve 
rises  rapidly  with  temperature.  Sodium  chloride  dissolves  with 
but  slight  absorption  of  heat,  and  its  curve  is  nearly  horizontal. 
Finally,  when  it  is  known  that  anhydrous  sodium  sulfate, 
NaaS04,  dissolves  at  temperatures  above  33°  with  production  of 
heat,  and  that  its  curve  falls  with  rising  temperature,  the  general 
law  becomes  apparent.  These  are  typical  cases.  If  any  sub- 
stance dissolves  with  absorption  of  heat,  its  solubility  curve 
rises  with  rise  of  temperature.  If  it  dissolves  with  evolution  of 
heat,  then  the  curve  falls  with  rise  of  temperature.    The  frac- 
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tioBai  change  of  solubility  with  rise  of  i"  of  temperature  is  in 
general  proportional  to  the  heat  of  solution.  In  every  case  that 
change  of  solubility  which  will  absorb  heal  will  take  place  when  the 
temperature  ts  raised.  This  will  involve  a  decrease  of  solubility 
mih  rise  of  temperature,  in  the  case  of  a  substance  like  NajSO,, 
ahove  33",  since,  if  heat  is  evolved  when  the  substance  dissolves, 
heal  is  absorbed  in  equal  amount  when  the  same  weight  of  the 
substance  crystallizes  out  of  a  solution. 

In  some  cases  where  heat  is  evolved  when  a  substance  is 
ifeoivcd,  the  observed  heat  is  the  result  of  the  union  of  the  solid 
«nh  water  to  form  a  hydrate,  which  may  dissolve  with  a  small 
aWiption  of  heat.  In  such  cases  the  solubility  of  the  hydrate 
increases  with  rise  of  temperature  in  strict  accord  with  the  law. 
For  example  when  anhydrous  calcium  chloride  is  dissolved  in 
nicr  the  mixture  gets  very  hot.  The  saturated  solution 
deposits  crystals  of  CaCl,,  6H,0  on  cooling.  This  hydrate  dis- 
solves in  water  with  absorption  of  heat  and  its  solubihty  increases 
with  a  rise  in  temperature.  The  heat  given  out  on  dissolving  the 
inhydrous  salt  is  the  excess  of  the  heat  produced  in  the  reaction 
CaCl,+6H,0  =  CaCI„6H,0 

ibi)W  the  heat  absorbed  in  the  dissolving  of  the  hydrate  CaCI,, 
6ItO. 

IJS-  Two  Apparent  Kinds  of  Solubility. — In  cases  of  ordinary 
tolubihly,  evaporation  of  the  water  leads  to  the  recovery  un- 
dianged  of  the  substance  originally  dissolved.  In  other  cases, 
evaporation  of  the  solution  obtained  by  the  apparent  dissolving 
of  X  substance  leaves  an  entirely  dilTerent  substance.  For 
■:\jmplc,  if  we  throw  a  piece  of  sodium  on  water  the  former  soon 
"--ippears  and  a  solution  results  (40, 88).  We  might  be  inclined 
II  ■ay  that  the  sodium  has  dissolved  in  the  water;  but  there  is 
woiher  way  of  looking  at  the  matter.  We  know  that  in  this 
a«  a  chemical  change  has  occurred,  as  represented  by  the 
ijualion 

2Na-|-2H.0^2NaOH-|-H.. 

funhermore,  we  know  that  by  evaporation  of  the  solution  we 
Eitwdiuni  hydroxide  and  not  sodium;  for  this  reason  it  seems 
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more  logical  to  say  that  sodium  and  water  react  to  give  sodium 
hydroxide,  which  then  dissolves  in  water,  than  to  say  that 
sodium  itself  is  soluble  in  water.  In  fact,  we  know  nothing 
about  the  solubility  of  sodium  in  water,  since  the  two  react  as 
soon  as  they  are  brought  into  contact.  We  know  a  very  great 
number  of  cases  analogous  to  this  one,  and  in  all  of  them  we 
recognize  that  we  have  to  deal  with  chemical  changes  which 
give  rise  to  soluble  products. 

136.  Normal  Solutions. — In  the  neutralization  of  hydro- 
chloric acid  by  sodium  hydroxide,  which  takes  place  according 

to  the  equation 

HCl+NaOH->NaCl+HaO,  (89) 

one  formula  weight  of  the  acid  (36. 5  g.)  requires  one  formula 
weight  of  the  base  (40  g.).  If  we  make  a  solution  of  the  acid  of 
such  concentration  that  i  liter  contains  36.5  g.  of  hydrogen 
chloride,  and  also  make  a  solution  of  the  base  containing  40  g. 
of  sodium  hydroxide  per  liter,  then  upon  mixing  the  liter  of  the 
acid  solution  with  the  liter  of  the  basic  solution  exact  neutraliza- 
tion will  take  place.  It  follows,  of  course,  that,  to  neutralize  a 
given  volume  of  such  an  acid  solution,  exactly  the  same  volume 
of  the  basic  solution  will  be  required.  We  call  such  solutions 
normal  solutions. 

If  we  wish  to  make  a  solution  of  nitric  acid  of  such  concentra- 
tion that  I  liter  of  it  will  exactly  neutralize  i  liter  of  normal 
sodium  hydroxide,  we  see,  in  accord  with  the  equation 

HNOa+NaOH  ->  NaNOj+HaO,  (104) 

that  one  formula  weight  of  HNO3  must  be  contained  in  i  liter 
of  the  solution.    This  gives  a  normal  solution  of  nitric  acid. 

Now  the  case  is  a  little  different  if  a  normal  solution  of  sul- 
furic acid  is  to  be  made,  since  in  this  case  we  have 

HaS04+  2NaOH  ->  NaaS04+  2HaO.  (94) 

We  see  that  one  formula  weight  of  sulfuric  acid  neutralizes  two 
formula  weights  of  sodium  hydroxide,  so  that  to  neutralize 
I  Uter  of  normal  sodium  hydroxide,  which  contams  but  one 
formula  weight  of  the  base,  only  one-half  a  formula  weight 
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18  g.  or  49  g.)  of  sulfuric  acid  is  required.  Therefore  if  we 
dissolve  49  g.  of  the  acid  in  sufficient  water  to  make  a  liter  of 
solution,  this  liter  of  acid  solution  will  just  neutralize  i  liter  of 
normal  sodium  hydroxide.  We  call  the  sulfuric 
acid  solution  so  made  also  a  normal  solution. 

A  normal  solution  of  potassium  hydroxide, 
KOH,  would  contain  one  formula  weight  (56  g.) 
[it-r  liter  (106).  A  normal  solution  of  any  acid 
iayvj  nculralizes  an  exactly  equal  volume  of  a 
lomal  solution  of  any  base.  The  term  "normal" 
ii  usually  abbreviated  N-,  so  that  for  a  normal 
»tulioQ  by  hydrochloric  acid  we  write  N  HCl. 
yormal  solutions  are  of  great  importance  in  prac- 
tic4  icork.  Suppose  we  wish  to  know  the  concen- 
tration of  a  given  solution  of  sodium  hydroxide. 
We  take,  with  a  pipette  (Fig.  28),  a  carefully 
measured  volume,  say  20  c.c,  add  to  it  sufficient 
litmus  solution  to  produce  a  pale  blue  color,  and  then  from  a 
measuring  tube,  called  a  burette  (Fig.  29),  run  in  a  normal  solu- 
tioQ  of  hydrochloric  or  other  acid  imtil  the  color  just  changes 
irom  blue  to  red.  A  Uttle  practice  enables  one  to  find,  to  within 
one  drop  or  less,  the  volume  of  acid 
required.  Let  us  say  42  c.c.  of 
N  HCl  was  required  for  the  20  c.c. 
I  tf  ■  ^-  tf  — T   a  of  NaOH  solution  of  unknown  con- 

^^H  I  centration.     Our  problem  is  to  find 

^^H  I  the  weight  of  sodium  hydroxide  in 

^^H  I  the  20  c.c.  of  solution  taken.     Now, 

^^H   7*  Hf  42   c.c.   of  N   acid   will   neutralize 

^^^Ly^         "      ,  42  c.c.  of  N  sodium  hydroxide,  of 

^^r  _  which  I  liter  (  =  1,000  c.c.)  contains 

'  40  g.  of  sodium  hydroxide.     There- 

fwetheweightof  sodiumhydroxideinthe  20 c.c.  taken  =  o.o42X 

Bg.=  t.68  g.     We  also  see  that  the  sodium  hydroxide  solution 

b/so  =2.1  times  as  concentrated  as  a  normal  solution  of  this 

¥e  express  its  concentration  by  saying  that  it  is  2.1 

1  in  concentration. 
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It  is  often  convenient  in  practice  to  use  solutions  of  f ,  |,  yV 
or  some  other  fraction  of  normal;    we  call  these  half-normal 
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one-fifth  normal  ( -    1,  and  one-tenth  or  deci-normal  ( 

respectively. 

I-'  137.  Acidimetry  and  Alkalimetry. — The  analyses  of  acids 
and  bases  by  means  of  normal  solutions  are  called  respectively 
acidimetry  and  alkalimetry.  The  act  of  running  in  a  solution 
from  a  burette  until  the  neutral  or  end-point  is  reached  is  called 
titration.  The  volume  of  solution  used  is  called  the  titer. 
Instead  of  litmus  we  may  use  some  other  colored  substance  to 
indicate  the  end-point;  such  a  substance  is  called  an  indicator. 
Other  useful  indicators  are  methyl  orange,  phenolphthalein, 
and  Congo  red. 

138.  Problems. — 

N    .    , 

1.  How  many  c.c.  of  —  nitric  acid  are  required  to  neutralize 

50  c.c.  of  normal  potassium  hydroxide?     (107) 

N 

2.  How  many  c.c.  of  -■  sodium  hydroxide  are  required  to 

N 
neutralize  ao  c.c.  of  —  sulfuric  acid?     (94) 

3.  If  16  c.c,  of  a  solution  of  sulfuric  acid  of  unknown  concen- 
tration requires  for  its  neutralization  36  c.c.  of  —  potassium 

hydroxide,  (a)  what  is  the  weight  of  sulfuric  acid  in  the  16  c.c. 
taken?  (b)  what  is  the  weight  of  sulfuric  acid  in  i  liter  of  this 
acid?     (107) 

139.  The  Formation  of  Water. ^We  have,  in  earlier  chapters, 
learned  various  ways  in  which  water  can  be  formed  chemically. 
We  may  enumerate  these  b>'  way  of  review. 

Water  is  formed — 

1.  By  the  burning  of  hydrogen:  ^H 

2.  By  the  burning  of  a  compound  of  hydrogen,  for  example, 
methane: 

CH,-i-20,^  C0,-|-2H,0.  (86) 
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3.  By  the  oxidation  of  hydrogen  or  its  compounds  by  means 
of  combined  oxygen,  as,  for  example,  when  anmionia  is  passed 
over  hot  copper  oxide: 

2NH3+3CUO  -»  3HaO+3Cu+N,.  (84) 

4.  By  the  union  of  acids  and  bases,  whereby  a  salt  and  water 
are  always  formed;  for  example: 

HCl+NaOH  ->  NaCl+HaO.  (89) 

5.  By  the  decomposition  or  dissociation  of  various  unstable 
compoimds,  as,  for  example,  sodium  sulfate  decahydrate  into 
the  anhydrous  salt  and  water: 

NaaS04-  loHaO  ->  NaS04+  loHaO. .  (96) 

140.  The  Chemical  Reactions  of  Water. — ^We  have  also 
studied  some  of  the  important  kinds  of  reactions  in  which  water 
takes  part.    We  may  now  summarize  these  as  follows: 

1.  Water  imites  with  salts  to  form  hydrates,  thus: 

NaaS04+  loHaO  ->  NaaS04  •  loHaO.  (96) 

2.  Ammonia  and  water  unite  to  form  ammonium  hydroxide: 

NH,+HaO  ->  NH4OH.  (91) 

4.  Water  acts  upon  some  metals  to  give  hydroxides  and 
hydrogen.  Thus,  sodium  and  cold  water  react  very  easily, 
giving  sodiiun  hydroxide  and  hydrogen: 

2Na+  2H,0  ->  2NaOH+H,.  (88) 

Magnesium  does  not  act  readily  on  cold  water,  but  bums  vigor- 
ously in  steam  giving  the  hydroxide  and  hydrogen: 

Mg+  2H,0  ->  Mg(OH)a+Ha.  (28,  86) 
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CHAPTER  IX 
ACIDS,  BASES,  AND  SALTS— n 

141.  New  Acids,  Bases,  and  Salts. — The  present  chapter  will 
treat  of  three  new  acids,  carbonic,  HXOj,  acetic,  CjHjO,,  and 
phosphoric,  H^PO^,  and  the  bases  derived  from  the  elements 
magnesium,  calcium,  barium,  zinc,  iron,  aluminum,  copper, 
silver,  lead,  and  mercury,  together  with  the  more  important  salts 
which  these  bases  form  with  the  three  acids  studied  in  the  first 
chapter  on  acids,  bases,  and  salts,  as  well  as  with  the  three  acids 
above-mentioned. 

142.  The  Action  of  Water  on  Magnesium  Oxide :  Magnesium 
Hydroxide,  Mg(OH)j. — All  of  the  three  bases  studied  in  the  first 
chapter  on  "Acids,  Bases,  and  Salts"  are  readily  soluble  in  water. 
We  shall  next  consider  one  which  dissolves  in  water  only  to  a  very 
slight  extent.  If  we  shake,  with  water,  a  little  magnesium 
oxide  (11,  80),  obtained  by  burning  magnesium,  we  find  that  the 
solution  will  turn  red  litmus  blue,  although  but  a  small  amount 
of  the  magnesium  oxide  has  dissolved  in  the  water,  the  larger 
part  having  remained  undissolved.  It  has  been  found  by  careful 
experiment  that  magnesium  oxide  and  water  unite  when  brought 
together,  giving  a  single  new  compound,  the  composition  of 
which  is  represented  by  MgO,Hi,  which  we  may  also  write 
Mg(OH)„  and  call  magnesium  hydroxide.  This  is  a  white  sub- 
stance, with  which  the  student  may  already  be  familiar  under  the 
name  of  "milk  of  magnesia,"  It  is  extensively  used  in  medicine. 
It  is  to  be  classified  as  a  base,  since,  like  sodium  hydroxide,  it 
colors  litmus  blue  and  neutrahzes  hydrocloric  acid.  The  equa- 
tion for  the  action  of  water  on  the  oxide  is 

MgO-|-H,0-*Mg(OH).. 

143.  The  Action  of  Hydrochloric  Acid  on  Magnesium  Hy- 
droxide: Magnesium  Chloride,  MgCl;,. — Magnesium  hydroxide 
is  but  very  slightly  soluble  in  water.  However,  if  we  add  hydro- 
chloric acid  to  the  magnesium  hydroxide  formed  from  the  mag- 
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a  oxide  and  water  until  the  solution  Just  turns  litmus  red, 
«'efind  that  all  of  the  solid  dissolves,  giving  a  clear,  colorless 
wlulion  which  if  left  to  evaporate  in  an  open  vessel  will  deposit 
colorless  crystals.  An  investigation  of  this  new  substance  shows 
that  it  is  a  compound  of  magnesium,  chlorine,  hydrogen,  and 
oxygen,  in  the  proportion  indicated  by  the  formula  MgCl,*6H,0. 
This  hydrate  of  magnesium  chloride  is  formed  as  a  result  of  the 
following  two  reactions: 

Mg(OH)j+  jHCI  -^  MgC!.+  ;H,0, 
MgCl;+6H>0^  MgCl.-6H,0. 

144.  Magnesium  Sulfate,  MgSO^.^If  we  now  add  diluted 
dfuric  acid  to  some  magnesium  hydroxide  mixed  with  water. 
IBtil  all  of  the  solid  has  dissolved  and  litmus  shows  the  solution 
t  be  neutral,  we  may  obtain  from  the  solution  by  careful 
Mration  crystals  of  magnesium  sulfate  having  the  formula 
0,'7H,0,  a  substance  much  used  in  medicine  and  known  as 
1  salts.     The  reaction  occurs  according  to  the  equation: 

H.S0,+Mg(0H),-*MgS0,+2HA 

rMgSO,  then  combining  with  water  from  the  solution,  thus: 

MgSO.+  7H,0  -*  MgSO,  ■.7H,0, 

I  (onn  the  hydrate.     The  latter,  when  heated,  readily  disso- 
s  into  MgSO^  and  7H1O,  a  fact  which  may  be  expressed  thus: 

MgSO.-7H,O^MgSO,+7H,0. 

:,  aa  we  see,  is  just  the  reverse  of  the  preceding  reaction. 
ie  reactions  of  hydrates  in  solution  are  of  course  the  same  as 
e  of  the  anhydrous  salts,  since  solutions  of  the  two  cannot 
■distinguished.    In  what  foUows,  the  discussion  of  the  hydrates 

J  will  be  omitted  except  in  a  single  important  instance. 
1 145.  Magnesium  Nitrate,  MgCNOj)^. — Magnesium  hydroxide 
ftreadily  neutralized  by  nitric  acid,  with  the  formation  of 
[nesltua  nitrate,  which  forms  white  crystals  very  easily 
juble  in  water: 

Mg(OH),+jirNO,  ->  Mg(NO,).+  2H,0. 
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Magnesium  oxide  and  dilute  hydrochloric  acid  react  to  give 
magnesium  chloride,  which  is  the  same  compound  as  that  formed 
from  magnesium  hydroxide  and  the  same  acid.  The  equation 
for  the  reaction  is 

MgO+2HCl-»  MgCla+H,0. 

The  corresponding  reactions  take  place  with  sulfuric  and  with 
nitric  acid,  and  are  represented  by  the  equations 

MgO+H,S04-»  MgS04+H,0, 
MgO+  2HNO,  -»  Mg(N03),+HaO. 

146.  Monacid  and  Diacid  Bases:  Valence. — If  we  compare 
the  formula  of  magnesium  chloride,  MgCl,,  with  that  of  sodium 
chloride,  NaCl,  or  potassiimi  chloride,  KCl,  we  see  that,  in  the 
first  case,  one  symbol  weight  of  the  metal  is  combined  with  two 
symbol  weights  of  chlorine,  while  in  the  other  two  cases  one 
symbol  weight  of  metal  is  combined  with  but  one  symbol  weight 
of  chlorine.  In  the  cases  of  the  neutralization  of  the  hydroxides 
by  hydrochloric  acid  we  found  that  one  formula  weight  of  mag- 
nesium hydroxide  required  two  formula  weights  of  hydrochloric 
acid  (143) ;  while  one  formula  weight  of  the  hydroxide  of  either 
sodium  or  potassium  required  but  one  of  hydrochloric  acid  (i02| 
107).  For  this  reason  we  call  sodium  and  potassium  hydroxides 
monacid  bases,  and  magnesium  hydroxide  a  diacid  base.  We 
also  make  use  of  the  term  yalence  in  referring  to  facts  like  those 
just  mentioned,  saying  that  the  valence  of  sodium  or  potassium 
is  one,  while  that  of  magnesium  is  two,  or  that  sodium  and 
potassium  are  univalenti  while  magnesium  is  a  bivalent  element. 
Since  hydrogen  chloride  has  the  formula  HCl,  we  say  that  hydro- 
gen has  a  valence  of  one,  and  we  also  say  that  the  valence  of 
chlorine  is  one. 

147.  Radicals  and  Their  Valence. — We  have  already  become 
acquainted  with  several  ammonium  compounds,  as,  for  example, 
the  chloride  NH4CI  (91)  and  the  nitrate  NH4NO3  (105).  We 
call  the  combination  NH4  the  anunonium  radical;  it  has  never 
been  obtained  as  a  separate  substance,  but  is  known  only  as  a 
component  of  ammonium  compounds.  We  know  of  many  other 
such  radicals,  one  of  which  is  met  with  in  sulfuric  acid  and  sul- 
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fates,  where  we  have  found  that  sulfur  and  oxj'gen  are  always 
present  in  the  ratio  represented  by  SO,.  Here  again  we  have  a 
rwlicai  which  is  found  in  many  salts,  the  sulfates,  but  is  not 
known  as  a  separate  chemical  substance.  In  nitric  acid  and 
the  nitrates  we  have  the  radical  NO3,  A  radical  is  composed  of 
iMo  or  more  elements  united  in  a  definite  proportion;  con- 
wquently  the  composition  of  a  radical  can  always  be  represented 
b)  a  formula.  We  may  consider  that  the  combination  of  nitro- 
gi-n  and  hydrogen,  NH,,  taken  as  a  radical,  has  a  valence  of  one, 
since  the  weight  of  nitrogen  and  hydrogen  represented  by  NHj 
ukcn  once  unites  with  one  sjinbol  weight  of  chlorine,  giving 
N'H,C1.  Since  sulfuric  acid,  H,SOj,  forms  such  salts  as  Na,SO„ 
KjSO.  and  {NHJ,SO„  we  say  that  the  sulfate  radical,  SO,,  has 
i  \-aIence  of  two,  a  fact  which  is  also  shown  by  the  existence  of 
;Utli  salts  as  NaHSO,,  etc.  Now  if  magnesium  has  a  valence 
of  tfco  and  the  sulfate  radical  has  also  the  valence  of  two,  we 
sec  in  the  fact  that  magnesium  sulfate  has  the  formula  MgSO,,  a 
broader  meaning  of  the  term  valence.  And  so  chemists  often 
ifwak  of  the  two  valences  of  magnesium  being  satisfied  by  the 
two  valences  of  the  sulfate  radical.  The  subject  of  valence  will 
be  ronsidered  again  at  the  end  of  this  chapter  (1B3). 

148.  Zinc  and  Its  Salts. — Zinc  is  an  element  and  a  very 
important  metal;  it  is  known  in  commerce  as  spelter,  and  is  used 
io  enormous  amounts  in  making  galvanized  iron,  which  is  iron 
(sated  with  metallic  zinc,  in  making  brass,  whose  other  com- 
ponent is  copper,  and  for  many  other  purposes.  Zinc  will  burn 
trhcn  strongly  heated  in  the  air  or  in  oxygen,  giving  a  white 
axidc,  the  reaction  being  represented  by  the  equation 

2Zn+0,->2ZnO. 
Zinc  oxide  is  used  extensively  in  making  white  paint. 

Il  will  he  recalled  that  magnesium  burns,  giving  an  oxide 

'  III  80),  and  that  this  oxide  reacts  with  acids  giving  salts,  thus : 

MgO+2HCl^MgCl.+H,0.  (143,  i4s) 

f-mc  oxide  behaves  like  magnesium  oxide  when  treated  with 

iiviirochloric  add,  giving  zinc  chloride,  thus: 

2nO+2HCi^ZnCl,+HA 
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Zinc  chloride  is  a  salt  which  dissolves  very  readily  in  water, 
giving  a  clear,  colorless  solution.  Zinc  oxide  gives  zinc  sulfate 
and  zinc  nitrate  as  follows: 

ZnO+HaS04  -»  ZnS04+HaO, 
ZnO+  2HNO3  ->  Zn(N03)a+HaO. 

These  are  white  salts,  also  easily  soluble  in  water. 

149.  The  Action  of  Hydrochloric  Acid  on  Zinc. — If  we  pour 
some  hydrochloric  acid  on  zinc  we  observe  a  vigorous  reaction; 
the  zinc  dissolves  and  a  gas  which  proves  to  be  hydrogen  is  given 
off.  If,  after  the  zinc  has  all  dissolved,  we  evaporate  the  solution, 
we  obtain  a  white  solid  which  is  found  to  be  zinc  chloride.  The 
reaction  is  represented  thus: 

Zn+2HCl->ZnCla+Ha. 

Comparing  this  equation  with  that  for  the  action  of  zinc  oxide 
on  hydrochloric  acid,  we  see  that  in  the  latter  case  the  hydrogen 
of  the  acid,  instead  of  passing  off  as  gas,  unites  with  the  oxygen 
of  the  zinc  oxide,  giving  water. 

We  might  expect  that  metallic  magnesium  and  hydrochloric . 
acid  would  act  thus: 

Mg+2HCl-»  MgCla+Ha, 

and  it  is  easy  to  show  by  experiment  that  this  is  the  case.  With 
dilute  sulfuric  acid  these  metals  behave  as  follows: 

Mg+HaS04-»  MgS04+H„ 
Zn+H2S04->  ZnS04+H,. 

In  making  hydrogen  in  the  laboratory  we  usually  use  zinc  and 
hydrochloric  acid. 

150.  Marble  and  Other  Compounds  of  the  Element  Cal- 
cium.— ^Let  us  now  consider  the  chemical  behavior  of  marble. 
If  we  place  some  limips  of  marble  in  a  hard  glass  tube  and  heat 
strongly,  a  gas  is  given  off,  while  the  limips  change  but  little  in 
appearance.  This  gas  causes  limewater  to  turn  milky;  it  is 
carbon  dioxide  (19).  If  the  limips  left  after  heating  the  marble 
are  moistened  with  water,  they  grow  very  hot,  swell  up,  and 
crumble  to  a  white  powder.    It  is  evident  therefore  that  the 
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B  been  changed  chemically  by  the  heating.  The  solid 
!cft  after  the  heating  is  the  common  substance,  quicklime.  The 
JLtion  of  water  upon  quicklime  is  called  slaking.  If  the  slaked 
iiiae  is  shaken  with  a  large  amount  of  water,  not  much  seems  to 
'::i5olve;   but  if  we  filter  the  mixture,  a  clear,  colorless  solution 

-  obtained.  If  some  carbon  dioxide  gas  is  run  into  this  clear 
-'lution  it  turns  milky,  because  this  solution  is  lunewater  (18), 

'  which  we  have  so  often  made  use.  If  we  test  the  limewater 
iiih  litmus  we  find  that  it  turns  the  latter  blue,  showing  the 
limewater  to  be  a  solution  of  a  base.  This  base  reacts  with  acids 
li>  form  salts.  All  of  these  products  contain  an  element  called 
calcium,  whose  symbol  is  Ca,  Calcium  is  a  brassy-looking  metal, 
■  tiich  will  readily  burn  with  a  bright  light  if  heated  in  air  or 

xygen,  giving  calcium  oxide: 

(2Ca+0,->2CaO. 
Calcium  oxide,  CaO,  is  quicklime;  but  the  latter  is  never 
ic  practically  in  this  way,  because  metallic  calcium  is  too 
ensive,  and  because  the  oxide  is  made  very  cheaply  by  heating 
rble  or,  more  often,  limestone,  which  is  an  impure  form  of  the 
le  compound  as  marble.  By  heating  marble,  CaO  and  COj 
formed,  and  nothing  else.  By  finding  the  percentage  of 
3  we  can  easily  calculate  the  formula  for  marble  to  be  CaCOj, 
"luch  is  called  calcium  carbonate;  the  effect  of  the  heating  is, 
iherefore,  represented  thus: 

CaCO,^CaO+CO.. 

151.  Calcium  Hydroxide,  Ca(OH),.— As  has  been  stated, 
»bcn  water  acts  on  calcium  oxide  or  quicklime,  we  get  calcium 
b>'droxide  or  slaked  lime,  a  solution  of  which  is  called  limewater: 

CaO+H,OH»Ca(OH),. 

TTiis  reaction  is  analogous  to  the  action  of  water  on  magnesium 
oxide,  which  was  studied  earlier  (142).  The  action  of  hydro- 
cUoric  acid  on  calcium  hydroxide  gives  calcium  chloride  and 
waur: 

Ca(OH),+  jHCI  ■*  CaCl,4-2H,0. 


92  Introduction  to  General  Chemistry 

We  are  now  in  position  to  understand  the  cause  of  the  milki- 

ness  produced  when  carbon  dioxide  acts  on  limewater.    The 

white  solid  formed  is  really  calcium  carbonatei  CaCOj.    The 

equation  is 

Ca(OH)a+COa  ->  CaCOj+HaO. 

152.  Carbonic  Acid,  H2CO3. — If  we  pass  carbon  dioxide  into 
water,  a  solution  results  which  has  faint  acid  properties.  This 
solution  is  in  fact  the  well-known  plain  soda  served  at  soda 
fountains.  The  dissolved  carbon  dioxide  and  water  partially 
combine  to  form  an  acid  called  carbonic  acid: 

COa+HaO->HaCO,. 

Therefore  we  may  then  consider  that  it  is  this  acid  which 
neutralizes  the  base  calcium  hydroxide,  thus: 

Ca(0H)a+HaC03->  CaC03+2HaO. 

Calcium  carbonate  is  a  salt  which  is  almost  insoluble  in  water. 
In  fact,  salts  exhibit  all  degrees  of  solubility  in  water.  Some, 
like  zinc  chloride,  dissolve  in  less  than  their  own  weight  of  water; 
others,  like  common  salt,  are  much  less  soluble;  while  many,  like 
calciimi  carbonate,  are  very  nearly  insoluble  in  water. 

153.  Calcium  Sulfate,  CaS04. — Calcium  hydroxide  and  sul- 
furic acid  form  calcium  sulfate  and  water: 

Ca(0H)a+HaS04->  CaS04+2HaO. 

We  find  by  experiment  that  the  calcium  sulfate  so  formed  dis- 
solves very  slightly  in  water,  100  c.c.  of  water  dissolving  but 
one-fourth  of  a  gram  of  the  salt.  On  the  other  hand,  calcium 
chloride  is  very  soluble  in  water.  If  we  add  to  a  solution  con- 
taining, say,  5  or  10  per  cent  of  calcium  chloride,  a  sufl&cient 
amount  of  sulfuric  acid,  we  observe  that  a  large  amount  of  a 
white  powder  forms  in  the  mixed  solutions  and  soon  settles  to 
the  bottom  of  the  vessel,  leaving  a  clear,  colorless  liquid  above. 
The  white  powder  proves  to  be  calcium  sulfate,  which  is  formed 

thus: 

CaCla+HaS04  -»  CaS04+  2HCI. 
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154.  Precipitation.^We  often  encounter  chemical  reactions 
in  which,  as  in  the  action  between  calcium  chloride  and  sulfuric 
icid,  a  solid  is  formed  upon  bringing  together  two  solutions.  A 
solid  so  thrown  down  is  called  a  precipitate ;  and  we  speak  of  the 
precipitation  of  calcium  sulfate.  The  formation  of  insoluble 
caldum  carbonate  by  the  action  of  carbon  dioxide  on  limewater 
is  another  example  of  precipitalion. 

155.  Gypsum  and  Plaster  of  Paris. — Calcium  sulfate  occurs 
I  ia nature  as  the  mineral  gypsum,  CaS04-2H,0.  K  part  of  the 
^^ter  of  hydration  is  dri\-en  off  by  heat,  gypsum  is  converted 
^Ko  the  well-known  plaster  of  Paris: 

■  aCaSO,  ■  2H.0  -*  aCaSO,  •  H.O+jH.O. 

^BVben  powdered  plaster  of  Paris  is  mixed  with  enough  water  to 
M  jorm  a  paste,  it  sets  in  the  course  of  an  hour  into  a  solid  mass 
whidi  retains  the  form  of  the  vessel  or  mold  which  holds  it. 
Plaster  casts  are  made  in  this  way.  The  setting  is  due  to  the 
formation  of  interlacing  crystal  filaments  of  the  hydrate 
CaS0^-2H,O,  formed  by  a  reversal  of  the  action  by  which  plaster 
of  Paris  is  formed  from  gypsum: 

jCaSO,-H,0+3H,0^jCaSO^-aHjO. 
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156.  Calcium  Bicarbonate  and  Hard  Water. — A  very  inter- 
tsting  and  important  reaction  occurs  when  carbon  dioxide  is 
passed  for  a  long  time  into  a  sufficiently  dilute  solution  of  calcium 
hydroxide  (limewater).  At  first  a  milkiness  appears,  due  to  the 
ition  of  calcium  carbonate: 

CaCOH),-|-CO.^  CaCO,+H,0. 

Ve  continue  to  pass  in  carbon  dioxide,  the  precipitate  slowly 

wives,  giving  finally  a  perfectly  clear  solution.     If  this  solu- 

1  is  now  boiled,  carbon  dioxide  gas  is  given  off  and  a  white 

cipilate  is  formed.     These  facts  are  explained  in  the  following 

Carbonic  add,  HjCOj,  like  sulfuric  acid,  is  a  dibasic 

d  (103)  and  can  form  acid  salts  as  well  as  neutral  salts.    Just 

us  «)Uuric  acid  yields  Na^SO,  and  NaHSO,,  so  carbonic  acid  gives 

Na,CO,  and  NaHCO^,  sodium  carbonate  and  sodium  acid  car- 

-  booate,  also  known  as  bicarbonate  (baking-soda). 
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The  calcium  salts  corresponding  to  sodium  carbonate  and 
bicarbonate  are  CaCO,  and  Ca(HC03)a.  The  difference  in  the 
formulae  of  the  sodium  and  calcium  salts  is  due  to  the  fact  that 
the  valence  of  calcium  is  two,  while  that  of  sodiimi  is  one.  Now 
when  carbon  dioxide,  in  excess,  acts  on  calcium  carbonate, 
calcium  acid  carbonate,  called  also  bicarbonate,  is  formed,  and 
this  being  soluble  in  water  the  precipitate  goes  into  solution: 

COa+HaO->HaCO, 

CaCOj+HaCOa  -»  CaCHCOj),. 

When  the  clear  solution  so  obtained  is  boiled  the  following  reac- 
tion occurs: 

Ca(HC03)a-»  CaCOa+HaO+COa. 

These  reactions  take  place  extensively  in  nature.  Natural 
waters,  e.g.,  those  of  springs  and  rivers,  contain  dissolved  carbon 
dioxide,  and  therefore  carbonic  acid.  Such  waters  passing  over 
limestone,  impure  CaCOj,  dissolve  it  and  take  the  CaCHCOj), 
into  solution,  forming  so-called  hard  water.  When  boiled,  as 
in  a  teakettle,  it  gives  off  carbon  dioxide  and  deposits  the  calcium 
carbonate. 

157.  Vinegar:    Acetic  Acid,    CaH40a. — ^Acetic   acid  is   the 

principal  ingredient,  other  than  water,  in  vinegar,  of  which  it 

constitutes  about  4  per  cent.    The  formula  of  acetic  acid  is 

CaH402.    It  neutralizes  sodium  hydroxide  according   to   the 

equation 

CaHA+NaOH = NaCaHjOa+HaO. 

The  salt  NaCaHjOa,  sodium  acetate,  is  the  only  sodium  salt 
which  can  be  made  from  this  acid.  Therefore  the  acid  radical 
of  acetic  acid  and  its  salts  is  CaHjOa  and  we  may  write  the 
formula  of  the  acid  HC2H3O2  to  indicate  that  only  one  of  the  four 
hydrogen  atoms  of  a  molecule  is  replaceable  in  salt  formation. 

Pure  acetic  acid  is  a  colorless  liquid,  miscible  with  water  in 
aU  proportions.  It  is  monobasic  and  forms  with  most  bases  salts 
called  acetates. 

158.  Bone  Ash:  Calcium  Phosphate,  Ca3(P04)2. — ^When 
bones  are  burned  only  the  gelatinous  matter  and  connective 
tissue  are  removed;   the  white  material  which  is  left  is  called 
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bone  ash  and  consists  essentially  of  calcium  phosphate,  Ca/PO^),. 
If  powdered  bone  ash,  which  is  practically  insoluble  in  water,  is 
rtirred  with  somewhat  diluted  sulfuric  acid,  the  following  reac- 
tkia  occurs: 

Caj(PO.),+3H,SO,->3CaSO,+  2HjPO,. 

The  calcium  sulfate  formed  is  difficultly  soluble  in  water  and  may 
be  filtered  out,  giving  a  clear,  colorless  filtrate  containing  dis- 
solved phosphoric  acid,  HjPO^. 

159.  Phosphoric  Acid:  aTribasic  Acid. — This  acid  is  a  white 
m'stalline  si^lid,  which  is  verj'  soluble  in  water,  frequently  com- 
ing on  the  market  in  the  form  of  a  very  concentrated  solution  of 
SfTispy  consistency.  Its  dilute  solution  has  a  pleasant  sour  taste 
and  turns  litmus  red.  With  suitable  proportions  of  sodium 
hydroxide  it  yields  the  three  salts,  NajPO^,  trisodium  phosphate, 
Xa,HPOj,  .disodium  hydrogen  phosphate,  and  NaH^PO,, 
sodinia  dihydrogen  phosphate.    The  latter  '\s  a  t>pical  acid  salt, 

a  sour  taste  ami  acid  action  on  litmus.     Phosphoric  acid 
therefore  a  tribasic  acid.    //  forms  villi  bases  Ihree  scries  of 
corresponding  to  those  of  sodium.     To  distinguish  these 
salts  from  one  another  they  are  called  primary,  second- 
iary,  that  with  the  smallest  proportion  of  base  being 
and  that  in  which  all  hydrogen  is  replaced  being  the 
tertiary. 

160.  The  Practical  Importance  of  Calcium  Phosphate. — 
Since  calcium  phosphate,  Ca/POJ,,  constitutes  the  mineral 
matter  of  bones,  it  is,  of  course,  a  substance  of  very  great  im- 
portance.    Phosphates  in  small  amounts  are  also  indispensable 

.tituents  of  most  plants,  and  it  is  from  these,  especially  from 
Beds,  like  wheat,  oats,  and  com,  that  men  and  animals  get 
needed  supply.  Plants,  in  turn,  get  their  phosphates  from 
and  do  not  thrive  on  soil  deficient  in  phosphates.  Such 
soil  may  be  greatly  improved  by  the  use  of  fertilizers 
ng  phosphates.  For  this  purpose,  bone  ash  is  often 
lyed;  but  since  bone  ash  is  ahnost  insoluble  in  water,  it  is 
directly  ax-ailable  for  plant  use.  In  order  to  make  it  available 
treated  with  sufQdent  sulfimc  add  to  convert  it  into 
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CaCHaPOjay  usually  known  as  calcium  superphoqihate,  which 
is  soluble  in  water: 

Ca3(P04)a+2HaS04->  Ca(H3P04)a+2CaS04. 

Immense  deposits  of  calcium  phosphate  occur  in  Florida  and 
Tennessee,  as  phosphate  rock.  These  deposits  have  doubtless 
been  formed  in  past  geological  ages  from  the  bones  of  marine 
animals.  Phosphate  rock,  after  treatment  with  sulfuric  acid  as 
in  the  case  of  bone  ash,  is  used  in  enormous  quantities  as  a 
fertilizer. 

161  •  Sodium  Carbonate  and  Bicarbonate. — The  carbonates 
of  sodimn  which  were  referred  to  above  (156)  may  be  obtained 
by  passing  carbon  dioxide  into  sodium  hydroxide  solution;  we 
get  in  this  way  either  the  carbonate  NaaCO,,  or  the  bicarbonate 
NaHCOj,  according  to  the  proportion  of  carbon  dioxide  used. 
We  may  consider  that  the  gas  first  unites  with  water  to  form 
carbonic  acid,  which  then  reacts  with  sodiiun  hydroxide  according 
to  the  two  following  equations: 

2NaOH+HaC03  -»  NaaC03+  2HaO, 
NaOH+HaC03-»  NaHCOj+HaO. 

These  carbonates  of  sodium  are  manufactured  in  immense 
quantities,  as  they  are  very  important  substances.  In  practice 
they  are  not  made  according  to  the  reactions  given,  but  by  more 
economical  processes,  which  will  be  considered  later. 

162.  Potassium  Carbonate  and  Bicarbonate. — Potassium  also 
forms  analogous  carbonates,  KaCOj  and  KHCO3;  the  former, 
commonly  known  as  potash,  is  contained  in  wood  ashes,  from 
which  it  may  be  dissolved  by  water.  Upon  boiling  down  the 
solution  known  popularly  as  lye,  a  residue  of  crude  potassium 
carbonate}  K2CO3,  remains.  This,  when  more  strongly  heated 
to  burn  out  brown  tarry  matters,  gives  white  potash,  so  called 
from  the  fact  that  the  evaporation  of  the  lye  is  carried  out  in  an 
iron  pot.  This  lye  is  extensively  used  in  the  preparation  of  a 
crude  soft  soap.  A  purer  form  of  potash  is  used  in  manufacturing 
liquid  soaps.  Common  hard  soap  is  made  from  sodium  car- 
bonate and  fats  of  various  kinds. 
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163.  The  Action  of  Acids  on  Carbonates.— -If  some  hydro 
iloric  acid  is  poured  on  a  piece  of  marble  (150),  the  liquid 
)pears  to  boil,  although  the  temperature  does  not  rise  notice- 
)ly.  It  is  easy  to  show  that  the  apparent  boiling,  called 
lerrescence,  is  due  to  the  escape  of  carbon  dioxide  gas.  The 
Bible  dissolves  completely  if  sufficient  acid  is  used,  and  the 
uporated  solution  leaves  a  residue  of  calcium  chloride  (151). 
lie  reaction  is  as  follows: 

CaC0,+  2HCl^C:aCl,+H,0+C0,. 

imilar  reactions  take  place  between  calcium  carbonate  and 
itric  and  sulfuric  acids: 

CaCO,+  JHNOj-»-Ca(NO,).+H.O+CO., 
CaCO,+H.SO,-*  CaSO,+H.O+CO.. 

fact,  the  carbonates  of  other  elements  all  show  this  kind  of  a 
iction  with  these  acids;  for  example: 

NaHCOj+HCl^NaCl+H,0+CO„ 
KjCOj+zHNOj^  2KN0,+H,0+C0,. 

I  general,  carbonates  are  decomposed  by  acids, 

164.  Barium  Sulfate:  a  Test  for  Sulfates. — The  element 
irium  resembles  calcium  (150)  very  closely  in  its  behavior. 
et  us  consider  just  one  of  its  reactions  at  present,  leaving  a 
tody  of  the  others  until  a  later  time.  Barium  sulfate,  BaSO,, 
la  white  solid  which  is  as  insoluble  in  water  as  glass;  barium 

diloiide,  BaClj,  is  about  as  soluble  as  common  salt.    If  we  pour 
some  Kiilfuric  acid  into  a  clear,  colorless  solution  of  barium 
chkiride,  a  white  precipitate  of  barium  sulfate  forms  at  once: 
BaCl,+H,S04->  BaS0,+  3HCl. 

Wt  should  observe  the  similarity  of  this  equation  to  that  for  the 
tion  of  sulfuric  acid  on  calcium  chloride  (153). 

If  we  add  to  a  solution  of  barium  chloride  a  solution  of  sodium 
dfate,  or  of  magnesium  sulfate,  or  in  fact  of  any  sulfate  whatso- 
ET,  a  precipitate  of  barium  sulfate  is  formed.     For  example, 
ti  magnesium  sulfate  we  have 

BaCl,+MgS04^  BaSO^+MgCU. 
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Unlike  other  common  bariimi  salts  the  sulfate  is  insoluble  not 
only  in  water  but  also  in  acids.  If  barium  chloride  is  added 
to  a  solution  and  a  white  precipitate  appears  which  has  these 
properties,  a  sulfate  is  proved  to  be  present. 
t^i65.  Copper  and  Its  Compounds. — The  important,  familiar 
metal  copper  is  an  element.  We  have  already  learned  that  when 
heated  in  air  or  oxygen  it  unites  with  oxygen  to  form  copper 
oxide  (32,  33y  82),  a  black  solid: 

2Cu+Oa->2CuO. 

Copper  oxide  reacts  with  the  corresponding  acids  to  form  the 
chloridei  nitrate,  and  sulfatei  thus: 

CuO+  2HCI  -»  CuCla+HaO 

CuO+  2HNO3  -»  Cu(N03)a+HaO 

CuO+HaS04-»  CuS04+HaO. 

These  salts  are  all  easily  soluble  in  water,  giving  blue  solutions. 
It  will  be  recalled  that  calcium  oxide  unites  with  water  to 
form  the  hydroxide,  thus: 

CaO+HaO->Ca(OH)a. 

On  the  other  hand,  if  we  bring  copper  oxide  and  water  together, 
no  union  takes  place.  This  might  be  taken  to  indicate  that 
copper  hydroxide,  which  we  might  expect  to  have  the  formula 
Cu(0H)2,  cannot  be  formed  or  does  not  exist.  This,  however, 
is  not  the  case;  it  is  a  well-known  substance  which  is  easily 
obtained  in  another  way.  If  we  add  to  a  solution  of  copper  sul- 
fate a  solution  of  sodium  hydroxide,  a  blue  precipitate  of  copper 
hydroxide  forms.  This  is  a  blue  solid  which  is  very  nearly 
insoluble  in  water.    Its  formation  takes  place  thus: 

CuS04+2NaOH->  Cu(0H)a+NaaS04. 

We  may  also  get  copper  hydroxide  by  the  interaction  of  solutions 
of  copper  chloride  or  nitrate  with  sodium  hydroxide: 

CuCla+2NaOH-»  Cu(0H)a+2NaCL 

If  the  copper  hydroxide  formed  in  the  last  reaction  is  heated 
by  boiling  the  mixture,  the  blue  precipitate  turns  black.    This 
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change  in  color  is  due  to  a  change  of  part  of  the  hydroxide  into 
tlieoiide  and  water; 


Cu(OH),->CuO+H,0. 


i66.  The  PreparatioQ  of  Difficultly  Soluble  Hydroxides. — 
Many  hydroxides  of  elements  are  nearly  insoluble  in  water.  In 
such  cases,  the  hydroxides  are  formed  from  a  solution  of  a  salt 
of  the  element  by  adding  sodium  hydroxide,  or  potassium 
hydroxide,  or  in  many  cases  ammonium  hydroxide,  as  illustrated 
by  the  following  equations: 

CaCl,+  zKOH-*Ca(OH),+  jKCI, 

MgSO.+  2NaOH->  Mg(OH},+Na.SO,. 

uch  difficultly  soluble  hydroxides  separate  as  precipitates,  which 
lay  be  filtered  out. 

.  167.  Lead  and  Its  Compounds. — The  well-known  metal  lead 
I  an  element,  which  is  used  extensively  in  metallic  form  and  also 
I  the  form  of  compounds.  Lead  unites  with  oxygen  directly 
ien  heated  in  air  or  oxygen,  giving,  under  suitable  conditions. 
ic  pale  yellow  oxide  PbO,  known  as  litharge.  This  oxide,  like 
»sc  of  magnesium,  zinc,  and  copper,  reacts  with  acids  to  form 
Jts.    Thus  with  nitric  acid  we  get  lead  nitrate: 

PbO+sHNO,-*  PI.(NO,).-i-H,0. 

Iiii  salt  forms  large,  white  crystals  which  dissolve  readily  in 
Iter  to  form  a  colorless  solution.  If  hydrochloric  acid  is  added 
fa  solution  of  lead  nitrate,  a  white  precipitate  of  lead  chloride 
obtained: 

Pb(N03),+2HCl^PbCl,+2HNOj. 

ead  chloride  b  only  slightly  soluble  in  cold  water,  but  is  much 
K>re soluble  in  hot  water,  from  which,  upon  cooling,  it  separates 
pia  in  white  needle-shaped  crystals.  Lead  chloride  is  also 
btained  from  litharge  and  hydrochloric  acid: 

PbO+2HCI^  PbCl,+H,0. 
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Upon  adding  dilute  sulfuric  acid  to  a  solution  of  lead  nitrate, 
a  white  precipitate  of  lead  sulfate  forms: 

Pb(N03)a+HaS04-»  PbS04+2HNO,. 

Lead  sulfate  is  nearly  insoluble  in  hot  or  cold  water. 

Metallic  lead  is  acted  upon  very  slowly  by  hydrochloric  acid. 
With  the  cold  dilute  acid  no  appreciable  action  takes  place;  with 
boiling,  concentrated  acid,  a  very  slow  reaction  occurs,  thus: 

Pb+2HCl-»PbCla+Ha. 

By  methods  to  be  considered  later,  it  is  possible  to  prepare 
an  oxide  of  lead  containing  double  the  proportion  of  oxygen 
present  in  PbO,  namely  PbOa,  or  lead  dioxide.  This  oxide  does 
not  react  with  dilute  nitric  acid.  When  it  is  heated  with  hydro- 
chloric acid  it  gives  lead  chloride  and  chlorine: 

PbOa+4HCl->  PbCla+2HaO+a. 

If  we  compare  this  reaction  with  the  following, 

PbO+^HCl-»  PbCla+HaO, 

we  see  that  the  excess  of  oxygen  in  PbOz  above  that  in  PbO  oxidizes 
the  hydrochloric  acid,  forming  water  and  setting  free  chlorine. 

Lead  acetatCi  Pb(CaH30a)a*3H20,  is  formed  by  dissolving 
litharge,  PbO,  in  acetic  acid.  It  forms  colorless  prismatic  crys- 
tals, which  are  readily  soluble  in  water.  It  is  a  poisonous  salt 
and  is  called  sugar  of  lead  on  account  of  its  sweetish  taste. 

1 68.  Silver  and  Its  Compounds. — Silver  is  so  familiar  a 
metal  that  we  need  not  describe  its  properties.  It  is  an  element 
which  is  most  extensively  used  in  the  metallic  form,  but  which 
forms  several  compounds  of  great  practical  importance.  The 
metal  is  not  readily  acted  upon  by  dilute  acids,  with  the  excep- 
tion of  nitric  acid,  with  which  it  undergoes  a  complex  reaction 
represented  by  the  equation 

3Ag+4HN03-»  3AgN03+NO+2HaO. 

We  need  not  consider  this  reaction  critically  at  this  time, 
although  it  is  well  worth  careful  study;   but  note  that  silver 
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uiCiate  is  an  easily  soluble  salt,  forming  a  colorless  solution.    The 
solid  salt  forms  large  white  crystals. 

169.  Silver  Chloride,  AgCl. — The  addition  of  hydrochloric 
acid  to  a  solution  of  silver  nitrate  produces  at  once  a  heavy  white 
precipitate  of  silver  chloride,  which  is  almost  insoluble  in  water: 

AgNO,+HCl->  .\gCH-HNOj. 
By  adding  an  excess  of  hydrochloric  add  practically  all  of  the 
iilver  in  a  solution  is  precipitated.  The  precipitate  does  not 
dissolve  appreciably  in  any  of  the  common  acids.  It  is,  however, 
xry  easily  soluble  in  ammonia  solution,  from  which  it  is  again 
ihrmm  dovm  if  the  solution  is  acidified  "with  nitric  or  hydrochloric 
acid.  If  any  solution  of  unknown  nature  gives  with  hydro- 
diioric  acid  a  white  precipitate  wliich  is  insoluble  in  an  excess  of 
the  add,  but  easily  soluble  in  ammonia,  from  which  solution  it  is 
thrown  down  by  acidifying  the  solution  with  hydrochloric  acid, 
it  is  safe  to  conclude  that  the  original  solution  contained  a  salt 
of  silver.  This  series  of  reactions  constitutes  a  test  for  silver  in 
the  form  of  a  dissolved  salt. 

170.  Silver  Sulfate,  AgiSO,. — This  salt  is  formed  as  a  white 
crjsialline  precipitate  when  sulfuric  acid  is  added  to  a  con- 
centrated solution  of  silver  nitrate.  It  is  not  very  soluble,  i  g. 
requiring  about  200  c.c.  of  cold  water  for  its  solution.  The  same 
salt  is  also  formed  by  the  action  of  hot,  concentrated  sulfuric 
add  on  metallic  silver. 

171.  Silver  Phosphate,  AgjPO,. — This  salt  is  formed  as  a 
yellow  precipitate  when  sodium  phosphate,  NajP04,  or  some 
other  soluble  phosphate  is  added  to  a  solution  of  silver  nitrate; 

3AgNO,-}-Na3PO^  ->  AgjPOi+iNaNOj. 
This  yellow  precipitate  is  readily  soluble  in  dilute  nitric  acid, 
f'lrming  a  colorless  solution.  It  also  dissolves  easily  in  aqueous 
unmonia,  giving  a  colorless  solution,  from  which  it  is  again 
thrown  down  when  the  solution  is  exactly  neutralized  with  nitric 
lod. 

Stiver  may  be  distinguished  from  lead  most  easily  by  reason 
of  the  solubility  of  lead  chloride  in  hot  water,  in  which  silver 
chloride  is  insoluble. 
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172.  Silver  Oxide,  AgaO. — ^The  addition  of  sodium  hydroxide 

to  a  solution  of  silver  nitrate  gives  a  black  precipitate  of  silver 

oxide,  AgaO*    We  might  expect  silver  hydroxide,  AgOH,  to  be 

formed  thus: 

AgNOj+NaOH  -»  AgOH+NaNO,. 

Possibly  this  is  what  first  happens,  but,  if  so,  the  hydroxide 
formed  changes  at  once  into  the  oxide, 

2AgOH-»AgaO+aO. 

It  will  be  recalled  that  copper  hydroxide  is  decomposed  at  the 
temperature  of  boiling  water  into  the  oxide  and  water  (165). 
In  the  case  of  silver  hydroxide  the  change  takes  place  at  room 
temperature. 

173.  Iron  and  Its  Compounds* — ^The  element  iron  is  the  most 
important  of  all  metals.  It  imites  directly  with  oxygen  at  a  red 
heat,  forming  the  oxide  Fe304  (81).  It  can  also  form  two  other 
oxidesi  FeO  and  FcaOj.    The  oxideJe304  is  magnetic  and  is 

loJi^caHedf  magnetic  iron  oxide;  FeO  is  called  ferrous  oxide  (from 
ferrum,  iron)^  ^ile-FeaOj  is  called  ferric  oxide.  Ferrous  oxide 
gives,  with  the  corresponding  acids,  ferrous  chloride,  FeCI,,  and 
ferrous  sulfate,  FeS04.  These  salts  are  also  formed  from  iron 
by  the  following  reactions: 

Fe+2HCl-»FeCl3+Ha, 
Fe+HaS04  ->  FeS04+Ha. 

In  all  ferrous  compoimds  the  valence  of  iron  is  two. 

The  action  of  hydrochloric  acid  on  ferric  oxide  takes  place 

thus: 

Fea03+6HCl-»  2FeCl3+3HaO. 

The  salt  FeClj  is  called  ferric  chloride.  It  is  a  dark-yellow 
substance  which  dissolves  easily  in  water  to  form  a  yellow  solu- 
tion. On  the  other  hand,  ferrous  chloride,  FeCU,  is  pale  green 
and  forms  a  pale-green  solution.  We  cannot  get  FeCl,  from 
iron  and  hydrochloric  acid,  but  we  do  get  the  salt  by  the  action 
of  chlorine  on  ferrous  chloride, 

2FeCla+Cla-»2FeCl„ 
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aFe+3Cl,-»-2FeCI,. 

In  ferric  chloride  the  valence  of  the  iron  is  three.  We  also  know 
ferric  nitrate,  Fe(NOj)j,  and  ferric  sulfate,  Fe,(SO,)j,  Tliere  are, 
ir.nf/oTf,  two  series  of  iron  sails — the  ferrous,  in  which  the  valence 
I'/'  iron  is  two,  and  the  ferric,  in  which  the  valence  is  three. 

We  can  obtain  the  two  hydroxides  of  iron,  both  of  which  are 
Qtarly  insoluble  in  water,  by  the  action  of  sodium  hydroxide  on 
dilutions  of  ferrous  and  ferric  salts: 

FeCl,+ jNaOH  ->  Fe(OH),+  iNaCl, 
FeC]j+3NaOH-»  FeCOH)j-f  jNaCL 

Ferrous  hydroxide  is  white  if  pure,  but  is  usually  obtained  as  a 
dirty-green  precipitate;  this  is  due  to  partial  oxidation  by  the 
action  of  oxygen  of  the  aifj  with  which  it  readily  unites.  Ferric 
hydroxide  is  a  brown  precipitate.  These  hydroxides  unite  with 
idds  to  form  salts: 


FcCOH).+iHCI  -*  FeCl,+  2H.O, 
Fe(OH)3-|-3HCl^FeCl,+3H.O. 

174.  Aluminum  and  Its  Compounds, — The  common  metal 
aluminum  is  an  element-  As  is  well  known,  the  metal  is  not 
acted  upon  by  air  or  water.  It  reacts  easily  with  dilute  hydro- 
chloric acid,  giving  aluminum  chloride,  AIClj,  and  hydrogen: 

aAI+6HCl-*  3A1C1,+3H,. 

Upon  evaporation,  the  solution  deposits  white  cr^'stals  of  the 
I  AlClj-6H,0.     It  is  not  possible  to  obtain  the  anhy- 
,  AlClj  by  heating  these  crystals,  for  the  purpose  of 
rater,  since  they  decompose  thus; 

2A1CI,'6H,0^A1A+6HCH-3H,0. 

5  chloride  is  formed  by  the  action  of  dry  chlorine 
gss  on  aluminum : 

3Al-f-3Cl,^iAlClj. 
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Aluminum  chloride  is  easily  soluble  in  water,  forming  a  colorless 
solution.  This  solution  gives  with  ammonia  a  white  precipitate 
of  aluminum  hydroxidet  A1(0H)3,  which  is  insoluble  in  water: 

A1C1,+3NH40H  -»  A1(0H),+3NH4C1. 
When  heated,  the  hydrojdde  gives  the  oxide  and  water: 

2Al(OH),->Ala03+3HaO. 

Rubies  and  sapphires  are  natural  forms  of  aluminum  oxide. 
Emery,  which  is  a  valuable  abrasive,  is  an  impure  form  of  the 
same  substance. 

175.  Various  Aluminum  Salts. — ^The  hydroxide  is  a  base 
which  reacts  with  acids  to  give  the  corresponding  salts,  thus: 

Al(0H),+3HCl->  AICI3+3H3O, 
Al(OH)3+3HNO,  ->  Al(N03)3+3HaO, 

2Al(OH)3+3HaS04  -»  Ala(S04)3+6HaO. 

The  nitrate  and  sulfate  are  easily  soluble  in  water,  giving  color- 
less solutions.  The  well-known  substance  alum  is  potassium, 
aluminum  sulfate,  KAl(S04)a-i2HaO.  It  is  obtained  in  large, 
colorless  crystals  when  a  solution  made  from  potassium  sulfate 
and  aluminum  sulfate  is  allowed  to  evaporate.  The  correspond- 
ing sodiiun  and  -ammonium  salts  are  well  known,  and  have  the 
formulae  NaAl(S04)a-i2HaO  and  NH4Al(S04)a-i2H30,  respec- 
tively. All  such  compoimds  are  known  as  double  salts ;  chemists 
are  familiar  with  a  great  variety  of  these.  Other  examples  of 
well-known  double  salts  are  ammonium  ferrous  sulfate,  (NH4)a 
Fe(S04)a*6HaO,  and  potassium  cupric  chloride,  KaCuCl4*2HaO. 

176.  Acid  Reaction  of  Aluminum  Salts. — Solutions  of  the 
chloride,  nitrate,  and  sulfate  of  aluminum,  and  also  of  alum,  are 
not  neutral,  as  we  might  expect,  but  are  distinctly  acid  in  reaction. 
They  also  have  a  sour  taste.  On  the  other  hand,  we  find  that 
moist  aluminum  hydroxide,  if  it  has  been  carefully  washed  free 
from  the  ammonia  used  in  precipitating  it,  has  no  action  on  either 
blue  or  red  litmus.  It  is  also  tasteless.  Nevertheless,  we  call 
the  hydroxide  a  base,  because  it  unites  with  acids  to  form  salts. 
We  say,  however,  that  it  is  a  weak  base ;  and  we  find  in  general 


Acids,  Bases,  and  Salis — // 


^P  that  v-eak  bases,  of  which  many  are  knowa,  give  sails  whose 
■Dlututns  are  acid  in  reaction.  This  is  an  important  matter  which 
11  ill  have  to  be  studied  carefully  later, 

177.  Acid  Properties  of  Aluminum  Hydroxide. — If  we  add 
-  ■iium  hydroxide  to  a  solution  of  an  aluminum  salt,  a  white 
;  raipitate  of  aluminum  hydroxide  is  first  formed,  just  as  with 
itTimonia: 

.-y  CI1+ jNaOH  ^  Al(0H)j+3NaCl. 

H:.wevcr,  Upon  adding  an  excess  of  sodium  hydroxide,  we  find 
hit  Ihe  precipitate  goes  into  solution.  If  pure  aluminum  hy- 
Ir'ride  is  dissolved  in  a  solution  of  sodium  hydroxide  and  the 
;isulting  solution  evaporated,  crystals  of  sodium  aluminate, 
\d.\IO,,  are  obtained.  This  substance  is  easily  soluble  in  water 
-'-A  is,  in  reality,  a  salt.  It  thus  appears  that  aluminum  hy- 
:'-'Th!t:  jtls  as  an  acid  in  this  case,  and  we  might  write  the  equa- 
1.  ^i  i-T  the  action  of  sodium  hydroxide  upon  it  thus: 
H.\IO,  -  H,0+ NaOH  ^  NaA]0,+ 2H  A 

^W  find  that  the  solution  oj  sodium  aluminate  is  strongly  alkaline 
iiiwxrd  litmus,  and  say,  therefore,  that,  although  aluminum 
hilroxkle  has  some  acid  properties,  it  is  a  very  weak  acid. 

Thus  we  see  that  a  substance  may  be  both  a  base  and  an  acid. 
Socb  a  substance  is  said  to  be  amphoteric.  Several  metalUc 
-ydnnddcs  are  amphoteric.  Thus  zinc  hydroxide,  Zn(OH)„ 
:■  rms  with  hydrochloric  acid,  ZnCl,,  and  with  sodium  hydroxide, 
Na^nO,,  sodium  zlncate.  It  is  of  interest  to  note  that  aluminum 
kydroxide  docs  not  react  with  carbonic  acid,  and  in  fact  no  car- 
twnate  of  aluminum  has  ever  been  made.  Now,  carbonic  acid 
iia  ver>'  weak  acid,  and  aluminum  hydroxide  is  a  very  weak  base. 
In  general,  we  find  that  very  weak  bases  do  not  form  salts  mtk 
wry  -weak  acids. 

Compounds  of  aluminum  are  very  abundant  in  the  earth. 
Common  clay  and  numerous  kinds  of  common  rocks  are  com- 
pounds of  aluminum. 

178.  Mercury  and  Its  Compounds. — We  have  already  learned 
•-aneihing  of  the  chemical  behavior  of  mercury  and  mercuric 
ocde,  HgO  (13, 14)  86).    The  oxide,  which  is  insoluble  in  water, 
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dissolves  in  dilute  hydrochloric  acid,  giving  mercuric  chloridey 
HgCla,  and  in  nitric  acid,  giving  mercuric  nitratey  Hg(N03)a: 

HgO+2HCl-»  HgCl,+HaO. 

HgO+ 2HNO3  -»  Hg(N03)a+HaO. 

These  salts  form  white  crystals  which  are  soluble  in  water.  The 
soluble  salts  of  mercury  are  all  extremely  poisonous  when  taken 
internally.  Mercuric  chloride  is^familiarly  known  as  bichloride 
of  mercury  or  corrosive  sublimate,  and  is  extensively  used  as  a 
powerful  germicide  and  antiseptic. 

179.  The  Formation  of  Mercuric  Salts. — ^The  nitrate  can  be 
made  by  the  action  of  warm,  dilute  nitric  acid  upon  metallic 
mercury : 

3Hg+8HNO,-»  3Hg(N03)a+2NO+4HaO. 

Hydrochloric  acid  does  not  act  appreciably  upon  mercury;  but 

the  chloride  can  be  obtained  by  the  action  of  chlorine  on  the 

metal: 

Hg+Cla-»HgCla. 

It  is  also  made  by  heating  a  mixture  of  mercuric  sulfate  and 

common  salt: 

HgS04+  2NaCl  -»  HgCla+NaaS04. 

The  mercuric  chloride  formed  is  readily  volatile  and  is  separated 
by  sublimation;  hence  the  old  name  "corrosive  sublimate." 
The  process  of  vaporization  of  a  solid  and  the  condensation  of  its 
vapor  directly  to  the  crystalline  form  is  called  sublimation. 
The  sulfate  is  made  by  strongly  heating  mercury  with  concen- 
trated sulfuric  acid: 

Hg+2HaS04-»  HgS04+SOa+2HaO. 

i8o.  Mercurous  Salts. — The  action  of  cold,  dilute  nitric  acid 
on  an  excess  of  mercury  gives  rise  to  a  solution  of  a  salt  having  the 
formula  HgNOj  and  called  mercurous  nitrate.  A  solution  of 
this  salt  gives  with  hydrochloric  acid  a  white  precipitate  of 
mercurous  chloride,  HgCl,  and  with  dilute  sulfuric  acid  also  a 
white  precipitate  of  mercurous  sulfate,  Hg,S04;  both  of  these 


•  pfedpitates  are  practically  insoluble  in  water.  Thus  mercury, 
le  iron,  forms  two  series  of  sails:  tne  mercurous,  in  which  the 
dtraent  has  a  valence  of  one,  or  is  univalent,  and  the  mercuric, 
[u  which  it  has  a  valence  of  two,  or  is  bivalent. 

i8i.  The  Two  Oxides  of  Mercury.— A  solution  of  mercuric 
uilrale  gives  with  a  solution  of  sodium  hydroxide  a  yellow 
icipitate  of  mercuric  oxide,  HgO: 

Hg(NOj).+2NaOH-*HgOH-iNaNO,+H.O. 

ideof  mercury,  like  that  of  silver,  cannot  be  obtained; 
^Wy  that  it  is  so  unstable  that  it  changes  into  the  oxide 
r  as  soon  as  it  is  formed;  in  this  respect  it  resembles 
the  corresponding  compound  of  silver.  The  yellow  oxide, 
i'lrmed  in  this  way,  seems  to  differ  from  the  red  oxide,  obtained 
H)  heating  mercury  in  the  air  or  in  oxygen,  only  in  being  made 
if'  'jf  very  much  smaller  particles. 

.\  solution  of  mercurous  nitrate  gives  with  sodium  hydroxide 
;  nearly  black  precipitate  of  mercurous  oxide,  HgiO. 

182.  Calomel. — Mercurous  chloride,  HgCl,  which  is  com- 
nvialy  called  calomel,  is  extensively  used  in  medicine.  It  is  a 
ttmarkable  but  well-known  fact  that  the  usual  medicinal  dose 
if  calomel  contains  many  times  as  much  mercury  as  does  a  fatal 
'lose  of  mercuric  chloride.  This  great  difference  in  physio- 
li>gical  effect  is  in  part  due  to  the  fact  that  while  mercuric 
dJoridc  is  easily  soluble  in  water,  mercurous  chloride  is  nearly 
insoluble. 

183.  The  Valencies  of  Radicals. — Now  that  we  have  studied 
a  CDiUiiderable  additional  number  of  acids,  bases,  and  salts, 
we  may  again  revert  to  the  study  of  valence  {146, 147)  since  it 
(umishcs  a  key  to  the  easy  mastery  of  formulae,  an  undertak- 
ing which  is  as  necessary  to  the  study  of  chemistry  as  learning  to 
ipell  LI  in  the  mastery  of  a  language.  To  write  the  formula  of  a 
diiorideof  ametalitis  only  necessary  to  group  with  the  symbol 
'i  the  latter  as  many  chlorine  symbols  as  the  metal  in  question 
haft  units  of  valence;  thus  the  formulae  of  barium  chloride  and 
of  alunuQum  chloride  are  BaCl,  and  AlClj  respectively.  If  we 
"ish  to  write  the  formulae  of  the  nitrates  we  group  the  nitrate 
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radical  with  the  metal  symbol  in  question  according  to  the  same 
rule,  thus  Ba(NOj)a  and  AlCNOjj.  To  write  the  formulae  of 
sulfates,  we  must  again  group  the  symbols  of  the  radical  and 
the  metal  so  that  the  total  valence  of  each  satisfies  that  of  the 
other.  Since  the  sulfate  radical  is  bivalent,  we  may  have  to 
use  more  dian  one  symbol  weight  of  either  the  sulfate  or  the 
metal.  Thus  the  formula  of  sodium  sulfate  is  Na3S04;  that  of 
bariiun  sulfate  is  BaS04;  while  that  of  aluminum  sulfate  is 
Ala(S04)3.  Since  PO4  is  trivalent,  we  know  at  once  that  the 
formula  of  sodiiun  phosphate  must  be  Na3P04,  that  of  barium 
phosphate  must  be  Ba3(P04)a,  and  that  of  aluminum  AIPO4. 
These  examples  are  sufficient  to  show  how  a  knowledge  of 
valence  simplifies  the  writing  of  formulae.    In  Table  IX  the 

TABLE  IX 
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Univalent 


II 
Bivalent 


in 

Trivalent 


IV 
Quadrivalent 


H.. 

Na.. 

K.. 

NH4 

Ag.. 

Hg.. 


Mg 
Ca. 
Ba. 
Zn. 
Fe. 
Cu. 
Pb. 
Hg. 


Al. 
Fe 


CI 

NO, 

OH 

CJIA 


SO4 
CO, 
O 


PO4 

N 


C 


HCl 
NaCl 

IlCalljOa 
NH4CI 

AgCl 
HgCl 


MgCI, 

CaCU 

BaCIa 

ZnCla 

FeCla 

CuCla 
PbCla 

HgCl, 


AlCl, 
FeCl 


CCI4 

COa 


HOH  (HdO) 
HNO, 
NaOH 
NH4OH 

AgaO 

Na,S04 


HaS04 

H.C0, 

CaCO, 

BaS04 

CUSO4 

Ca(OH). 

MgO 

HgO 


H,P04 
AIPO4 
NH, 


CH4 


various  elements  and  radicals  studied  are  classified  with  respect 
to  their  valencies,  which  vary  from  one  to  four.  In  the  colimm 
headed  by  hydrogen  we  have  the  metals  together  with  the 
ammonium  radical.  In  the  next  column,  headed  by  chlorine, 
are  the  elements  and  radicals  that  unite  as  a  rule  with 
those  of  the  first  column.  The  last  two  columns  contain  the 
formulae  of  some  typical  compoimds. 
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\  THE  KINETIC  THEORY  OP  MATTSR-Am)  THE  MOLECULAR 
HYPOTHESIS 

184.  An  Old  Greek  Hypothesis, — The  question  whether  a 
1  given  substance,  say  a  drop  of  water,  could  be  sub- 
in  unlimited  extent,  and  whether  the  smallest  particle 

i  would  still  differ  in  no  way  except  in  size  from  the 

Ot^uuil,  was  one  which  was  much  debated  by  the  Greek  philos- 
ophers centuries  before  chemistry  became  a  science.  Anaxagoras 
(B.C.  500),  who  held  that  there  was  no  limit  to  the  divisibihty 
of  matter,  was  opposed  by  Democritus  (b.c,  470},  who  taught 
ihat  in  the  imagined  process  of  continued  subdivision  minute 
particles  would  finally  be  encountered  which  could  not  be  cut 
in  two  without  destroying  or  completely  changing  the  nature 
of  the  substance;  these  particles  were  called  atoms  (aro/ios,  a 
body  which  cannot  be  cut  in  two).  This  idea  may  be  illustrated 
by  the  following  analogy.  If  we  take  a  bushel  of  wheat,  we  may 
divide  it  into  pecks,  quarts,  gills,  etc.,  and  yet  each  measure  of 
le material  will  be  a  quantity  of  wheat;  we  may  go  still  farther, 
It  we  will  ultimately  reach  the  single  grains,  which  are  still 
pios  of  wheat;  but  if  we  cut  these  grains  in  two  the  resulting 
may  no  longer  be  called  wheat,  since  they  would  no  longer 
s  the  most  remarkable  property  of  wheat,  which  is  that  of 
ig  if  planted.  At  present  we  use  the  term  molecule  (from 
jUia  moUcula.  the  diminutive  of  moles,  a  mass)  to  mean  essen- 
lUy  the  same  as  the  term  "atom,"  as  used  by  the  Greeks,  and 
eak  therefore  of  the  molecular  theory  of  matter  and  the  molec- 
r  bjrpothesis.  The  present  chapter  gives  an  account  of 
Bb  hypothesb  and  aims  to  show  how  it  furnishes  us  an  explana- 
lon  of  many  important  facts. 

185.  The  MolectUes  of  Water.^According  to  the  molecular 
hypothesis,  a  drop  of  water  can  be  subdivided,  and  still  remain 

I  the  single  molecules  are  reached,  and  no  further. 
e  t;)littmg  up  of  the  molecules  of  water  might  separate  the 
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smallest  particles  of  oxygen  from  those  of  hydrogen;  but  the 
result  would  be  the  decomposition  of  the  water  into  its  elementary 
constituents.  The  particles  of  the  elements  oxygen  and  hydro- 
gen of  which  the  molecules  of  water  are  made  up  are  now  called 
atoms*  It  is  supposed  that  all  of  the  molecules  of  water  are 
alike  in  every  respect,  each  being  made  up  of  one  atom  of  oxygen 
and  two  atoms  of  hydrogen.  The  reason  for  this  last  conclusion 
is  discussed  in  the  next  chapter.  In  general,  each  molecule  of  a 
given  pure  substance  is  just  like  every  other  molecule  of  that  sub- 
stance. The  nature  of  a  substance  is  determined  by  the  nature 
of  its  molecules;  and  this  is,  in  turn,  determined  by  the  number 
and  kind  of  atoms  composing  the  molecules.  We  imagine  mole- 
cules to  be  very  small,  since  they  cannot  be  seen  with  the  aid 
of  a  microscope  of  the  highest  power.  A  cubic  centimeter  of  air 
may  contain  an  almost  inconceivable  nimiber  of  these  tiny 
particles. 

1 86.  The  Molecular  Hypothesis  Applied  to  Gases. — ^Let  us 
first  consider  the  known  facts  concerning  gases  and  try  to  see  how 
these  facts  can  be  connected  with  the  supposition  that  gases  are 
made  up  of  small  particles,  the  molecules.  In  the  first  place, 
we  know  that  a  confined  gas  tends  to  expand  and  exerts  a  pressure 
on  the  walls  of  the  vessel  which  holds  it.  If  we  increase  the 
pressure,  the  volume  of  the  gas  is  diminished,  and  by  applying 
a  great  pressure  the  decrease  in  volume  may  be  made  very  great. 
We  may  explain  this  in  either  of  two  ways:  first,  that  the  mole- 
cules, like  rubber  balloons,  are  themselves  compressible;  or, 
second,  that  the  molecules,  which  may  not  be  appreciably  com- 
pressible, are  at  considerable  distances  from  one  another,  but 
are  brought  closer  together  when  the  gas  as  a  whole  is  compressed. 
Let  us  follow  up  this  second  idea  and  see  to  what  it  leads.  Two 
important  questions  now  present  themselves:  (i)  Why  ar^  the 
molecules  not  in  contact — that  is,  why  should  they  be  at  con- 
siderable distances  from  one  another?  (2)  Why  does  a  gas  exert 
a  pressure  in  all  directions  on  the  walls  of  the  vessel  which  con- 
tains it? 

187.  Are  Molecules  at  Rest  or  in  Motion? — ^Would  it  make  a 
difference  in  the  state  of  affairs  whether  the  molecules  were  at 
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ri»t  or  in  motion?  Suppose  they  are  in  rapid  motion:  what 
nould  follow?  Let  us  recall  Newton's  first  law  of  motion: 
.1  body  at  rest  remains  at  rest,  and  a  body  in  molion  continues  Co 
mete  u-ith  constant  velocity  in  a  straight  line,  unless  acted  upon 
Or  some  external  unbalanced  force.  Now,  if  molecules  are  in 
motion,  and  if  they  behave  in  the  same  manner  as  other  bodies, 
and  if,  further,  they  are  elastic — that  is,  if  they,  like  rubber  or 
ivory  balls,  can  rebound  from  one  another  or  from  the  walls  of 
the  containing  vessel,  then  they  will  tend  to  continue  in  motion. 
Of  course,  in  such  a  case  as  the  one  imagined,  the  molecules  oj  the 
fis  would  very  Jrequetilly  strike  one  another  and  also  the  walls  of 
the  containing  vessel;  but,  being  elastic,  Ihey  would  reboundand 
(OKtittue  in  motion  in  a  new  direction;  and  although  the  velocity 
of  an  individual  molecule  might  be  increased  or  decreased  as  the 
result  of  a  collision  with  another  molecule,  on  the  whole  the 
avrage  velocity  of  all  the  molecules  would  be  constant. 

The  various  elaborations  of  the  ideas  here  presented 
oinsdtute  the  Kinetic  Theory  of  Matter.  This  hypothesis  is 
ihe  most  important  corollary  of  the  molecular  hypothesis.  It 
has  proved  enormously  fruitful  in  explaining  very  diverse 
pbenomena  and  in  suggesting  new  lines  of  investigation. 

188.  The  Cause  of  Gas  Pressure;  Boyle's  Law. — The  strik- 
ing of  a  gas  molecule  against  the  wall  of  the  vessel  would  deliver  a 
e  blow;  and  if  millions  of  molecules  struck  each  square  centi- 
■tCT  every  second  the  effect  would  be  to  tend  to  push  back  the 
Uface.  But  what  is  this  but  the  exertion  of  pressure  ?  If  the 
ailes  strike  often  enough,  regularly  enough,  and  close  enough 
ler ,  this  pressure  would  seem  constant  and  uniform.  Now, 
c  the  gas  to  be  compressed  until  it  occupies  half  its  original 
:.  In  each  cubic  centimeter  there  would  now  be  double 
e  original  number  of  molecules,  and  on  each  square  centimeter 
\  the  wall  of  the  container  twice  as  many  molecules  would 
e  per  second  as  before;  so  that,  as  the  mass  of  each  mole- 
ic  and  also  its  velocity  have  remained  unchanged,  we  should 
tct  just  double  the  pressure  per  square  centimeter;  and,  in 
1,  this  is  just  what  we  find  by  experiment.  Thus  we  see  that 
QT  imagining  a  gas  to  be  made  of  numerous  small,  rapidly  moving, 
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elastic  particles,  the  molecules,  we  get  an  explanation  of  gas 
pressure  and  of  Boyle's  law.  We  also  see  how  it  would  be  pos- 
sible for  the  molecules  to  be  at  considerable  distances  (com- 
pared with  their  own  diameters)  from  one  another  without 
tending  to  fall  together  into  a  mass  in  which  the  molecules  would 
all  be  permanently  in  contact. 

189.  The  Effect  of  Temperature  on  Molecular  Velocity. — ^We 
may  next  consider  why  it  is  that  the  molecules  are  in  motion  and 
whether  the  average  velocity  of  the  molecules  of  a  given  gas 
can  ever  be  changed.  We  know,  of  course,  that,  for  a  constant 
volume,  the  pressure  exerted  by  a  gas  increases  with  rise  oi 
temperature,  so  that  if  we  are  to  explain  gas  pressure  as  due  to  the 
momenta  (mass  X  velocity)  of  the  molecules  which  strike  the  walls 
of  the  container,  we  must  suppose  that  an  increase  of  tempera- 
ture increases  either  the  mass  of  a  molecule  or  its  velocity,  01 
both.  Naturally,  the  number  of  collisions  with  the  wall  could 
not  be  increased  unless  the  velocity  increased.  Now,  it  would 
seem  more  reasonable  to  think  of  rise  of  temperature  as  causing 
an  increase  in  velocity  than  to  think  of  it  as  causing  an  increase 
in  mass;  so  we  have  only  to  imagine  that  a  rise  in  temper atun 
causes  the  average  velocity  of  the  molecules  to  increase  in  order  tc 
get  a  simple  and  satisfying  explanation  of  the  effect  of  tempera- 
ture on  the  pressure  of  a  gas. 

On  the  other  hand,  a  decrease  in  temperature  is  accom- 
panied by  a  decrease  in  pressure;  and,  indeed,  the  pressure  is  at 
all  times  proportional  to  the  absolute  temperature.  This  would 
imply  that  the  pressure  would  be  zero  at  the  absolute  zero  ol 
temperature.  But  zero  pressure  could  only  result  if  the  mole- 
cules were  completely  at  rest.  We  may  suppose,  therefore,  that 
at  absolute  zero  there  is  no  molecular  motion.  A  body  when  hot 
differs  from  the  same  body  when  cold  only  by  reason  of  the  more 
rapid  motion  of  its  molecules.  In  short,  according  to  this  way 
of  looking  at  the  matter,  heat  is  merely  the  outward  manifestation 
of  molecular  motion. 

190.  The  Mixing  of  Gases. — We  have  already  learned 
(122-124)  that,  as  a  rule,  liquids  and  solids  do  not  form  perfect 
mixtures  (solutions)  in  all  proportions;  that  is  to  say,  a  solid  or  a 
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■Sjoid  will  dissolve  in  a  second  liquid  only  to  a  limited  extent, 
'■'Ot  so  with  gases:  every  gas  will  form  -with  any  proportion  of 
■iny  ether  gas  a  perfectly  uniform  mixture.  Air,  for  example,  is 
a  perfectly  homogeneous  mixture  of  several  gases.  Of  course,  if 
some  of  the  gases  which  are  brought  together  react  chemicaUy, 
new  liquid  or  solid  compounds  might  be  formed  which  would 
separate  from  the  gaseous  mixture.  But  for  gases  that  do 
not  react  chemically  we  find  thai  all  gases  mix  perfectly  in  all 
proportions. 

191.  The  Diffusion  of  Gases.^If  we  bring  two  gases  into  the 
■  me  vessel  without  attempting  to  mix  them  we  find,  after  a  time, 
tui  a  perfectly  uniform  mixture  is  present  in  the  vessel.  We  also 
vEiow  that  if  a  gas  like  ammonia  is  liberated  at  one  place  in  a 
i'sed  room  its  odor  is  soon  perceptible  everywhere  in  the  room. 
The  process  of  the  spontaneous  mixing  of  gases  is  called  diffusion, 
Mii  we  say  that  the  ammonia  has  diffused  through  the  air  of  the 
■^holc  room.  It  is  now  easy  to  understand  how  this  diffusion 
takes  place.  The  molecules  of  ammonia  are  moving  in  all 
directions  with  high  velocities;  the  same  is  true  also  of  the  mole- 
lules  of  the  air;  their  complete  and  uniform  intermingling  is 
liii-refore  inevitable. 

11)2.  The  Law  of  Partial  Gas  Pressures.— It  is  easily  found  by 
aperiment  that,  if  portions  of  various  gases  are  brought  together 
ill  the  same  vessel,  the  total  pressure  exerted  by  the  gas  mixture  is 
I'ne  mm  of  the  pressures  that  would  be  exerted,  at  the  same  tempera- 
ture, by  the  same  portions  of  these  gases  if  each  occupied  the  space 
oione.    1'bis  is  known  as  Dalton's  Law  of  Partial  Pressures. 
ll  is  not  difficult  to  explain  this  law,  since,  in  a  mLxture  of  gases, 
the  molecules  of  a  given  sort  will  strike  a  given  area  of  the  wali 
just  as  often  in  the  presence  of  other  unlike  molecules  as  in  their 
ibstnce.     Each  kind  of  molecule  will  therefore  produce  the  same 
^BUtial  pressure  as  if  the  others  were  absent. 
^K   '193*.   Avogadro's   Hypothesis.— The   student   must   already 
^■ivc  been  impressed  by  the  fact  that  all  gases  show  great  similarity 
^B  physical  behavior.    They  alt  conform  to  the  laws  of  Boyle  and 
^Bbarlcs.     This  fact,  together  with  others  which  we  shall  consider 
^ftter,  led  Avogadro,  then  professor  of  physics  in  Turin,  Italy,  to 
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suggest  in  181 1  that  it  is  probable  that  aU  gases  contain  the  same 
number  of  molecules  per  cubic  centimeter:  Although  this  sugges- 
tion received  some  support  for  the  first  twenty  years  after  its 
proposal,  it  was  then  nearly  forgotten  until  about  i860,  since 
which  time  its  importance  and  probability  have  been  impressed 
more  and  more  deeply  on  the  minds  of  physicists  and  chemists, 
so  that  during  the  last  fifty  years  it  has  become  one  of  the  most 
fundamental  principles  of  chemistry.  It  may  be  stated  concisely 
thus:  Equal  volumes  of  every  gas  or  vapor  at  the  same  temperature 
and  pressure  contain  the  same  number  of  molecules. 

Further  reasons  for  accepting  Avogadro's  hypothesis  will 
be  given  in  the  next  chapter.  Indeed,  the  evidence  from  so 
many  independent  sources  for  the  truth  of  this  view  is  now  so 
convincing  that  the  hypothesis  is  looked  upon  by  many  as  a 
statement  of  fact,  and  in  consequence  is  referred  to  as  Avogadro's 
Law. 
JT^-  ®*s  Statistics. — Within  the  last  few  years  methods  have 
y  been  found  by  means  of  which  the  number  of  molecules  in  i  c.c. 
of  a  gas  has  been  foimd  with  a  high  degree  of  probability  and 
accuracy.  At  0°  and  76  cm.,  i  c.c.  of  any  gas  has  been  found  to 
contain  2. 7 X 10''  molecules,  with  a  probable  error  of  less  than  i 
per  cent.  The  number  of  molecules  in  22 . 4  liters  of  a  gas  imder 
standard  conditions  is  therefore  22,4ooX2.7Xio''  =  6.o6Xio'^ 
The  number  of  molecules  in  i  c.c,  twenty-seven  millions  of  mil- 
lions of  millions,  is  so  immense  that  it  is  difficult  for  the  mind  to 
get  any  tangible  conception  of  its  magnitude.  However,  if  we 
think  of  the  molecules  in  i  c.c.  as  at  rest  for  the  moment,  and 
vmiformly  distributed  in  rows  and  layers,  we  should  then  have 

in  each  row  of  i  cm.  length  ^27  X 10*^  =  3  X 10^,  or  three  million 
molecules,  a  number  which,  although  large,  is  at  least  compre- 
hensible. Then  in  each  layer  there  would  be  three  million  of 
these  rows,  and,  in  the  whole  cubic  centimeter,  three  million  such 
layers. 

195.  A  Cubic  Mile  of  Sand. — ^Another  mental  picture  of  the 
case  may  be  got  if  we  imagine  i  c.c.  of  gas  to  have  been  expanded 
until  it  occupied  a  cubic  mile.  Then  each  row  of  molecules 
would  be  a  mile  long  and  would  contain  three  million  moleculeSi 
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d  about  TTif  of  an  inch  apart.  Now,  a  grain  of  fine  saad  is 
jbuut  te  of  an  inch  in  diameter;  and  three  million  such  grains 
plairf  side  by  side  would  extend  one  mile.  Therefore,  a  cubic 
mite  of  such  sand  would  contain  3  X  10*  cubed  or  27  X 10"  grains, 
Hhich  is  the  number  of  molecules  in  i  c.c.  of  gas  at  standard 
pressure  and  temperature.  Since  the  number  of  molecules  per 
c  centimeter  has  been  determined  by  several  independent 
I  which  give  closely  agreeing  results,  we  may  safely 
;pt  the  value  given  above  as  being  correct  within  i  per  cent. 
\  196.  Some  Further  Conclusions. — It  may  now  be  of  some 
est  to  note  a  few  additional  conclusions  that  have  been 
[bed  in  the  study  of  gases.  Let  us  illustrate  by  means  of  the 
B  oxygen.  We  know  the  weight  of  i  c.c.  of  oxygen  and  the 
mber  of  molecules  in  i  c.c.  at  standard  conditions;  dividing 
fte  first  by  the  second  gives  the  weight  of  a  single  molecule  of 
this  gas;  this  comes  out  5.3X10"'^  gram.  The  size  of  a  mole- 
cule has  also  been  approximately  determined  and  in  the  case  of 
<vygen  it  turns  out  that  the  diameter  of  a  molecule  is  approxi- 
naldy  2. 5X10"' an.    We  have  already  seen  that  the  average 

liiiUoce  between  molecules  is  about  - 


-  of  a  cm.  =  3.3X 
3,000,000  "^  •' 

iC  an.    We  may  now  ask:  How  far,  on  the  average,  will  a 

nifdeciile  travel  in  a  straight  line  before  it  strikes  another  mole- 

'  jIc?    This  result  can  be  calculated  when  the  diameter  and 

Pierage  distance  apart  of  the  molecules  are  known,  and  is  called 

lie  free  path;  for  ox>'gen  it  is  i.3Xio~*an.    Thus  we  see  that, 

1  the  average,  a  molecule,  after  one  collisioo  will  traveJ  about 

.-3  times   (i.3Xio~*4-3.3Xio"'  =  4o)    the   average   distance 

between  two  neighboring  molecules  before  striking  a  second 

fcnlmile.    This  is  not  surprising  when  we  note  that  the  average 

dbtaace  between  molecules  is  about  13  times  their  diameters 

(i.jXio-'-^3.SXio-'  =  i3). 

197.  Hie  Velocity  of  Holecolar  Motum. — ^The  average  v»- 

lodtjr  with  which  molecules  travel  between  coUukns  can  becalcQ- 

l»t(d  with  a  high  d^ree  of  certainty.    The  vdocity  varies  with 

themiaftof  tbemoiecukand  its  temperatatebutuii 

jitbeprEHOre.     Molecutcs  of  equal  masses  have  equal  v 
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at  the  same  temperatures,  while  for  those  with  different  masses 
the  velocities  are  inversely  proportional  to  the  square  root  of  the 
mass.  At  o°  the  velocity  of  the  oxygen  molecules  is  lo*  cm.  per 
second,  or  about  15  miles  per  minute.  But  since  the  free  path 
of  a  molecule  of  oxygen  is  only  i .  3  X  iC*  cm.,  it  will  experience 
many  thousands  of  collisions  in  progressing  i  cm.  At  each 
collision  its  direction  of  travel  will  change  so  that  its  actual 
i  progress  from  a  given  position  is  far  slower  than  its  high  velocity 
would  indicate  if  no  collisions  occurred. 

198.  The  Liquid  State. — ^As  a  gas  is  compressed  at  constant 
temperature  its  molecules  are  brought  closer  together,  but  other- 
wise conditions  remain  nearly  unchanged.  The  mass,  diameter, 
and  velocity  of  each  molecule  will  not  be  altered;  only  the 
average  distances  between  the  molecules  and  their  free  paths 
will  be  shortened.  It  seems  probable,  in  fact,  that  the  average 
kinetic  energy  of  a  molecule,  which  is  equal  to  one-half  the 
product  of  its  mass  and  the  square  of  its  velocity  (i  mif)^  remains 
unchanged,  however  much  the  gas  is  compressed.  If  we  accept 
this  view,  we  may  easily  extend  it  to  cover  the  liquid  state,  in 
which  we  may  imagine  that  the  molecules  have  the  same  veloci- 
ties and  therefore  the  same  kinetic  energies  as  the  molecules 
of  the  vapor  of  the  liquid  have  at  the  same  temperature,  but  that 
the  crowding  of  the  molecules  is  so  great  that  their  free  paths 
are  short  compared  with  their  diameters.  However,  we  may 
think  of  the  molecules  as  able  to  progress  slowly  from  one  place 
to  another,  although  the  motion  will  be  very  irregular,  like  that  of 
persons  moving  about  in  a  dense  crowd. 

199.  Vaporization  of  a  Liquid. — It  has  already  been  stated 
that  all  of  the  molecules  of  a  given  gas  cannot  have  equal  veloci- 
ties; nor  can  a  given  molecule  always  have  the  same  velocity, 
since  at  every  one  of  the  frequent  collisions  the  velocity  will  be 
changed.  It  is  only  the  average  velocity  of  all  the  molecules 
that  remains  unchanged  as  long  as  the  temperature  remains 
constant.  The  velocities  of  the  molecules  of  a  liquid  also  are 
not  all  the  same  at  a  given  instant;  some  will  be  moving  much 
slower,  others  much  faster,  than  the  average.  If  a  fast-moving 
molecule  approaches  the  free  surface  of  the  liquid,  it  may  escape 
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the  space  above  the  liquid,  whereas  a  slow-moving  molecule, 
under  the  same  conditions,  might  not  be  able  to  escape.  Now 
Ihe  passage  of  molecules  from  the  liquid  to  the  space  above  it  is 
aoUiing  but  the  evaporation  of  the  liquid.  Moreover,  we  see 
that  the  rate  of  escape  of  the  molecules,  and  therefore  the  rate 
ol  evaporation,  will  be  greater  in  proportion  as  the  average 
Xy  of  the  molecules  is  increased.  Since  molecular  velocity 
ses  with  rise  of  temperature,  we  get  in  this  way  a  simple 
nation  as  to  why  heating  a  liquid  hastens  its  evaporation. 
the  evaporation  of  a  liquid  goes  on  with  a  poor  supply  of 
as  when  water  evaporates  in  an  open  vessel,  the  Uquid 
imes  cooler.  Obviously  this  is  due  to  the  lowering  of  the 
ige  velocity  of  the  molecules  of  the  liquid  because  of  the 
of  the  faster-moving  ones. 
300.  Vapor  Pressure. — If  a  liquid  is  placed  in  a  closed  vessel 
Kh  it  does  not  completely  fill,  it  will  evaporate  only  until  the 
ire  exerted  by  the  vapor  attains  a  certain  value  which  is 
Litely  determined  by  the  temperature.  For  example,  at 
the  vapor  pressure  of  water  is  equal  to  that  exerted  by 
of  mercury;  at  25*  it  equals  23.6  mm.  Does  the  water 
cose  to  pass  into  vapor  when  these  pressures  are  reached  ?  If 
M,  does  this  mean  that  molecules  of  water  no  longer  pass  from 
ihe  liquid  to  the  space  above  it?  This  would  seem  strange, 
let  ui  look  at  the  question  from  another  point  of  view.  Suppose 
»c  have  a  vessel  full  of  steam  and  allow  it  to  cool.  We  know 
tint  most  of  the  steam  will  condense;  only  a  little  will  remain  as 
vqior.  If  we  try  to  picture  how  this  occurs,  we  must  think  of 
some  of  the  molecules  of  vapor,  that  is,  gaseous  water,  coming 
tofether  first  to  form  liquid  droplets;  these  fall  to  the  bottom 
und  soon  form  a  layer  of  liquid;    other  molecules  then  strike 

("quid  and  remain  as  a  part  of  it.  Finally,  when  the  tempera- 
)f  the  room,  say  20°,  has  been  reached,  the  pressure  within 
cssel  will  have  fallen  to  17.4  mm.  of  mercury,  and  most  of 
fater,  but  not  all,  will  have  condensed  to  the  liquid  state. 
important  to  note  that  at  a  g:ven  temperature,  say  20°,  the 
final  vapor  pressure  is  reached  whether  steam  condenses 
iter  evaporates. 
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201.  Equilibrium  between  Liquid  and  Vapor. — ^A  very  impor- 
tant question  now  confronts  us:  Do  water  molecules  cease  tc 
pass  from  the  vapor  into  the  liquid  when  at  20**  the  pressure 
reaches  17.4  mm.?  If  so,  Why?  Would  it  not  seem  mon 
reasonable  to  suppose  that/w  every  molecule  that  passes  from  thi 
vapor  into  the  liquid  there  is  another  that  leaves  the  liquid  and  passes 
into  the  vapor  f  This  supposed  state  of  affairs  would  corresp>ond 
to  that  in  which  the  number  of  customers  in  a  large  shop  remains 
substantially  constant  during  a  given  hour  of  the  day,  by  reason 
of  the  fact  that  in  each  minute  as  many  persons  enter  the  shop 
as  leave  it.  When  at  constant  temperature  the  vapor  pressure 
of  a  liquid  has  reached  a  constant  value,  we  say  there  is  equi- 
librium between  liquid  and  vapor;  and  it  would  seem  from  the 
discussion  above  that  this  condition  does  not  represent  a  state  ol 
rest  or  inaction,  but  one  in  which  Pwo  opposing  actions  exactly 
counteract  one  another, 

202.  Molecular  Attraction. — ^If  we  think  of  the  matter  criti- 
cally, we  may  wonder  why  molecules  of  cooling  water  vapor  col- 
lect into  drops.  Perhaps  there  is  a  sort  of  attraction  between  the 
molecules  that  holds  them  together.  If  so,  why  should  it  seem 
to  be  more  effective  at  lower  than  at  higher  temperatures  ?  If 3 
in  reality,  one  molecule  has  some  attraction  for  another,  must 
we  suppose  that  this  attraction  increases  with  fall  of  tempera- 
ture? Would  it  not  be  suflBicient  to  assimie  a  constant  attrac- 
tion of  each  molecule  of  water  for  every  other  ?  Suppose,  now, 
the  vapor  of  water  is  very  hot;  then  the  molecules  will  be  moving 
with  such  great  velocities  that  if  two  of  them  collide  they  will 
rebound,  exactly  as  a  rubber  ball,  thrown  downward,  will 
rebound  on  striking  the  floor,  although  gravitational  attraction 
tends  to  keep  it  on  the  floor.  But  suppose  the  vapor  to  be 
cooled;  its  molecules  will  then  have  smaller  velocities  and  some 
may  be  moving  so  slowly  that  upon  collision  they  remain  in 
contact.  Other  slow-moving  molecules,  striking  by  accident 
a  pair  of  molecules  so  formed,  may  add  themselves  to  it,  and 
in  this  way  the  droplet  of  water  could  be  formed.  There 
are  also  other  reasons  for  assuming  that  molecules  attract  one 
another. 
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203.  The  Solid  State. — The  most  striking  physical  difference 
between  a  solid  and  a  liquid  is  the  rigidity  of  the  former.  This 
property  of  solids  can  most  easily  be  accounted  for  by  assuming 

I  iJjat  the  molecules  are  not  Jree  to  move  about  as  in  the  case  0/  a 
juid,  where  the  freedom  of  motion  is  comparable  to  that  of 
»ple  in  a  crowd,  but  that  eack  molecuie  remains  in  its  place 
nth  respect  to  Ike  whole  solid,  as  well  as  to  its  neighboring  mole- 
It  is  not  necessary  to  think  of  the  molecules  as  being 
soiutely  at  rest.  It  is  more  likely  that  each  molecuie  has  a 
hrating  motion  at  all  temperatures  above  absolute  zero  and  that, 
liu  tact,  its  kinetic  energy  is  as  great  as  it  would  be  if  the  mole- 
I  cnle  were  in  the  vapor  state  at  the  same  temperature. 

204.  Crystals.— Pure  chemical  substances  in  the  solid  state 
I  usually  form  crystals.  The  crystals  of  a  given  substance  all  have 
Lthc  same  general  form.  Thus,  for  example,  the  crystals  of 
•common  salt,  when  perfect,  are  all  cubical  in  form,  while  those  of 

uartz  occur  as  hexagonal  prisms.  If  we  think  of  a  crystal  as 
^iltup  of  molecules,  it  is  natural  to  wonder  whether  the  mole- 
cules are  present  in  haphazard  fashion,  like  potatoes  in  a  barrel,  or 
if  they  may  not  perhaps  be  arranged  in  some  systematic  manner, 
like  bricks  in  a  wall  or  bails  in  a  regular  pile.  The  probability 
liiat  Ike  molectiles  of  a  crystal  are  arranged  in  a  definite  and  regular 
Hartner  is  greatly  increased  when  it  is  known  that  there  are  exactly 
ur  many  types  of  crystalline  form  as  there  are  passible  regular 
mkrangements  of  points  in  space. 

^  Within  the  last  few  years  it  has  become  possible  by  means 
Bpbotographic  studies  made  by  the  use  of  X-rays  to  obtain  very 
Bedse  information  regarding  the  arrangement  of  molecules 
Brming  a  crystal.  As  a  result  we  now  know  quite  definitely  the 
molecular  structure  of  a  number  of  crystals. 
W  205.  The  Melting  of  Crystals. — Pure  crystalline  substances 
Hve  definite  melting  temperatures;  thus,  ice  melts  at  0°,  and 
Httassium  nitrate  at  339°-  Increase  of  temperature  must 
Hcrcase  the  intensity  of  molecular  vibration;  at  some  tempera- 
Hre  (the  melting-point)  this  vibration  seems  to  become  so  great 
Bat  the  systematic  structure  of  the  crystal  is  wrecked,  leaving 
Bdy  an  irregularly  mixed  mass  of  molecules,  forming  the  resultin^^ 
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liquid.  Crystals  cannot  be  heated  above  their  melting-points. 
Ice,  for  example,  although  it  may  be  melting  on  the  surface,  is 
never  hotter  than  zero. 

206.  Supercooling. — On  the  other  hand,  water  may  be  cooled 
2  or  3  degrees  below  zero  without  freezing,  if  it  is  kept  quiet  and 
is  not  in  contact  with  ice.  Such  supercooled  water  inmiediately 
begins  to  freeze  if  touched  with  a  piece  of  ice.  This  phenomenon 
is  a  common  one  and  is  easily  explained.  In  order  that  the 
formation  of  a  crystal  can  start,  a  certain  minimiun  number 
of  molecules  must  come  together  in  the  proper  positions.  But 
this  exact  arrangement  of  the  several  molecules  necessary  may 
not  readily  occur,  especially  as  immediately  above  the  freezing- 
point  (which  is  the  same  as  the  melting-temperature)  the  mole- 
cules are  vibrating  so  fast  that  they  are  just  able  to  shake  apart 
this  regular  arrangement  (that  is,  to  melt  the  crystal).  At  a 
little  lower  temperature  the  molecular  motion  is  less  and  therefore 
the  conditions  are  more  favorable  for  the  starting  of  crystalliza- 
tion. However,  if  a  crystal  of  the  substance  is  present,  then 
supercooling  does  not  occur,  but  the  liquid  at  once  begins  to 
crystallize  (freeze)  at  the  temperature  of  its  melting-point.  The 
reason  is  obvious:  now  each  molecule  that  touches  the  crystal 
can  find  its  proper  lodging-place,  and  so  crystalline  growth  can 
continue. 

207.  Solutions. — In  a  solution  the  molecules  of  the  dissolved 
substance  must  be  very  uniformly  distributed;  it  would  seem, 
therefore,  that  they  may  be  moving  about  freely  among  the 
molecules  of  the  solvent,  being  carried  from  place  to  place  by 
their  own  motions.  The  process  of  dissolving  of  a  substance 
would  closely  resemble  that  of  evaporation,  and  the  crystalliza- 
tion of  a  solid  from  its  solution  would  correspond  to  the  conden- 
sation of  a  vapor  to  a  liquid.  In  fact,  we  may  imagine  that  in  the 
case  of  a  saturated  solution  in  contact  with  the  crystals  of  a 
substance  we  have  a  state  of  equilibrium  as  a  result  of  the  passage 
of  molecules  into  and  out  of  the  solution  at  exactly  equal  rates. 
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CHAPTER  XI 

THE  ATOMIC  HYPOTHESIS  AND  ATOMIC  WEIGHTS 

3o8.  Dalton's  Atomic  Hypothesis. — The  application  of  the 
Atomic-Molecular  Hypothesis  to  the  explanation  of  chemical 
]>henomena  was  first  made  by  John  Dalton  of  Manchester  in 
K1803.  Long  before  this  time  Bernoulli  had  proposed  the  Kinetic- 
KolectUar  Hypothesis  as  an  explanation  of  the  physical  behavior 
I  gases,  and  Dalton,  knowing  this  view  of  the  nature  of  matter, 
iought  to  explain  the  difference  in  solubility  in  water  of  different 
jases  as  due  to  a  possible  difference  in  size  of  their  molecules. 
But  how  could  this  imagined  difference  be  discovered?  At  this 
Ute,  1803,  the  theory  of  the  indestructibility  of  matter  and  the 
Ktrine  of  elements  were  well  established,  owing  to  the  work  of 
dvoisier,  a  quarter  of  a  century  earlier,  as  well  as  the  labors  of 
_  bany  able  chemists  of  the  intervening  period.  It  was  generally 
accepted  that  the  formation  of  a  substance  was  due  to  the  union 
of  the  elements  composing  it  and  in  many  cases  the  proportions 
of  the  elements  in  a  compound  were  already  known — not  very 
Tirately,  it  is  true,  but  at  least  approximately.  Daiton  wished 
0  discover  the  relative  weights  of  the  ultimate  particles  of  gases ; 
Hit  in  order  to  do  tliis  he  would  have  to  know,  in  the  case  oi 
Jydrogen  and  oxygen,  for  example,  in  addition  to  knowing  the 
eight  of  oxygen  that  would  combine  with  a  given  weight  of 
hydrogen,  the  relative  numbers  of  ultimate  particles  of  the  two 
gases  that  combine  with  one  another  in  the  formation  of  water. 
As  Dalton  had  no  experimental  means  of  discovering  the  informa- 
tion he  lacked,  he  simply  assumed  that  one  ultimate  particle 
of  hydrogen  united  with  one  ultimate  particle  of  oxygen  to  give 
one  ultimate  particle  of  water,  meaning  by  the  expression  ulti- 
mate particle  essentially  the  same  as  the  Greeks  and  later  philos- 
ophers meant  by  the  terms  "atom"  or  "molecule,"  that  is,  the 
.smallest  possible  particle  of  the  substance. 

209.  Finding  the  Relative  Weights  of  Atoms.^Now,  since  ig. 
Bof  hydrogen  unites  with  8  g.  of  oxygen  to  form  9  g.  of  water, 
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the  ultimate  particle  or  atom  of  oxygen  must  weigh  eight  times 
as  much  as  the  ultimate  particle  or  atom  of  hydrogen;  and  the 
ultimate  particle  of  water,  in  this  case  the  molecule,  must  weigh 
nine  times  as  much  as  an  atom  of  hydrogen.  In  making  such 
suppositions  Dalton  also  assiuned  that  all  of  the  atoms  of  hydro- 
gen were  exactly  alike  in  size,  weight,  and  all  other  properties; 
that  each  atom  of  oxygen  was  exactly  like  every  other  atom  of 
this  element,  but  entirely  different  from  an  atom  of  any  other 
element.  Dalton  knew  that  the  same  pair  of  elements  often 
form  two  or  more  compounds  in  which  the  constituents  are 
present  in  different  proportions.  This  forced  him  to  assimie 
also  that  in  such  cases  the  atoms  unite,  not  only  one  to  one,  but 
also  one  to  two,  or  one  to  three,  etc.  In  order  that  the  student 
may  have  a  perfectly  clear  notion  of  the  matter,  we  may  simi- 
marize  by  stating  that  Dalton  assumed  that  a  molecule  of  water 
is  composed  of  one  atom  of  hydrogen  and  one  atom  of  oxygen, 
and  then  reached  the  conclusion  that  an^atom  of  oxygen  was 
eight  times,  and  a  molecule  of  water  nine  times,  as  heavy  as  an 
atom  of  hydrogen.  But  Dalton  did  not  know,  as  we  can  see 
clearly,  whether  one  atom  of  hydrogen  imites  with  one  atom  of 
oxygen  or  with  two  or  three  of  oxygen,  or  whether  two  or  perhaps 
three  atoms  of  hydrogen  unite  with  one  of  oxygen  to  form  a 
molecule  of  water:  it  was  all  a  guess.  But  it  must  also  be  clear 
that  if  we  could  discover  the  numbers  of  atoms  of  hydrogen  and 
oxygen  in  a  molecule  of  water  we  could  find  the  relative  weights  of 
the  two  atoms,  knowing  the  percentages  of  hydrogen  and  oxygen 
,  in  water.  Now  the  question  is:  How  can  we  discover  the  niun- 
ber  of  atoms  of  each  kind  in  a  molecule  of  a  substance? 

210.  The  Application  of  Avogadro's  Hypothesis. — Suppose 
we  accept  Avogadro's  suggestion  that  equal  voliunes  of  all  gases 
at  the  same  temperature  and  pressure  contain  the  same  nimiber 
of  molecules,  and  see  to  what  conclusion  we  are  led.  Let  us 
represent  by  N  the  number  of  molecules  in  22.4  liters  of  any 
gas  under  standard  conditions.  Now  according  to  Dalton's 
suggestion  one  molecule  of  a  g:iven  substance  will  contain  one, 
two,  three,  or  some  small  whole  number  of  atoms  of  a  given 
element,  but  cannot,  by  reason  of  the  assiuned  indivisible  nature 
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I  an  atom,  contain  a  fraction  of  an  atom.  Let  us  consider  the 
)nia  as  an  example.  Ammonia  is  composed  of  17.8 
per  cent  of  hydrogen  and  82 . 2  per  cent  of  nitrogen,  and  nothing 
else.  One  molecule  of  ammonia,  according  to  Dalton's  sug- 
gestion, contains  one,  two,  three,  or  four,  or  at  least  some  small 
number  of  atoms  of  hydrogen.  Now,  if  22.4  liters  of  ammonia 
.  gas  under  standard  conditions  contain  N  molecules,  then  this 
rolume  of  the  gas  must  contain  some  small  whole  number  of 
B^es  .V  atoms  of  hydrogen.  The  least  number  of  hydrogen 
s  that  could  possibly  be  contained  in  22.4  liters  of  ammonia 
I  ;V,  but  the  true  humber  may  be  2  X  -V,  which  we  may  write  2N, 
t  it  may  be  greater,  as  :iPf  or  4N,  so  far  as  we  know;  only  it 
must  be  ^  or  some  small  whole  number  of  times  N  if  we  assume 
that  there  are  N  molecules  in  22.4  liters  of  the  gas  and  also 
assume,  with  Dallon,  that  each  molecule  of  the  gas  contains 
une,  two,  three,  or  some  small  number  of  atoms  of  hydrogen.  In 
tbe  case  of  any  other  gaseous  compound  of  hydrogen  we  should 
conclude,  according  to  Avogadro,  that  22.4  liters  of  the  gas 
ffitaioed  N  molecules  and  that  each  molecule  contained  one, 
■,  three,  or  some  other  small  number  of  hydrogen  atoms,  the 
jssible  number  being  one  atom  of  hydrogen  to  the 
molecule,  and  therefore  that  22.4  liters  of  the  gas  would  contain 
if,  iN,  or  3A',  etc.,  atoms  of  combined  hydrogen. 

211.  The  Number  of  Atoms  and  Weight  of  Hydrogen  in  32.4 
liters. — According  to  Dalton  all  hydrogen  atoms  are  alike  and 
tach  has  a  definlle  weight,  so  that  the  weight  of  N  atoms  of 
hydrogen  would  be  a  perfectly  definite  weight  of  this  element. 
The  freight  of  2.V  atoms  of  hydrogen  would,  of  course,  be  twice 
that  of  A'  atoms,  etc.  It  seems  reasonable  to  think  that  It  would 
be  Ukely  to  happen  that  in  some  of  the  gaseous  compoundit  of 
b}'drogen  the  molecules  would  contain  but  one  atom  of  hydrogen 
each.  In  such  a  case  22.4  liters  would  contain  iV  atom*  of 
Gooibined  hydrogen,  having  a  definite  weight.  Now  as  such 
gases  contain  the  minimum  possible  number  of  atoms  of  hydro- 
gm  in  each  molecule,  namely,  one,  and  as  we  assume  that  all 
paes  contain  .V  molecules  in  22.4  liters,  then  such  gases  would 
cootain  the  minimum  possible  weight  of  hydrogen  in  thin  volumA> 
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As  a  matter  of  fact  we  actually  find  that  in  22 . 4  liters  of  the  vari- 
ous gaseous  compounds  of  hydrogen  the  weight  of  this  element  is 
in  no  case  less  than  i  g.  In  this  volume  of  any  definite  gas  there  is, 
either  no  combined  hydrogen  or  there  is  at  least  i  g.:  the  minimum 
iimf(ht  of  hydro f^en  is  i  g. 

212.  The  Explanation  of  the  Laws  of  Minimum  and  Multiple 
Weights. — In  other  gaseous  compounds  of  hydrogen  we  find  in 
22.4  liters  larger  weights  of  combined  hydrogen,  but  these 
weights  are  then  either  2  g.,  3  g.,  or  some  whole  multiple  of  the 
minimum  weight.  Is  it  not  logical  then  to  think  that  in  such 
gases  as  hydrogen  chloride,  where  the  mininium  weight,  i  g., 
of  combined  hydrogen  is  contained  in  22 . 4  liters  of  the  compound 
gas,  the  molecule  contains  but  one  atom  of  hydrogen,  and  that 
in  acetylene,  where  2  g.  of  hydrogen  are  found  in  22.4  liters 
each  molecule  contains  two  atoms  of  hydrogen,  while  in  methane 
with  4  g.  of  hydrogen  in  the  same  volume,  there  are  four  atoms 
of  hydrogen  per  molecule?  Undoubtedly  so.  We  see  then 
that  we  have  in  the  assumptions  made  by  Avogadro  and  Dalton 
the  basis  of  an  explanation  of  the  remarkable  Laws  of  Minimum 
and  Multiple  Weights^  which  have  been  discovered  by  experi- 
ment; and,  because  of  the  agreement  between  theory  and  fact, 
we  are  inclined  to  think  that  perhaps  the  views  of  Avogadro  and 
Dalton  are  correct.  In  any  case  we  cannot  fail  to  see  that  these 
hypotheses  are  useful,  and  that,  indeed,  is  the  criterion  by  which 
the  worth  of  any  hypothesis  should  be  judged. 

213.  Application  of  the  Explanation  to  Other  Elements. — The 
question  now  arises  whether  the  simple  explanations  of  the 
laws  of  minimum  and  multiple  weights  may  be  applied  to  ele- 
ments other  than  hydrogen,  and  a  very  Uttle  thought  will  show 
that  this  must  be  the  case.  The  minimum  number  of  atoms 
of  any  given  element  in  22.4  Uters  of  any  of  its  gaseous  com- 
pounds is  again  iV,  the  number  found  in  the  case  of  those  gases 
the  molecules  of  which  contain  but  one  atom  each  of  the  given 
element.  The  minimum  weight  of  this  element  is,  of  course,  the 
weight  of  N  atoms  of  the  element.  For  example,  we  find  that 
in  22.4  liters  of  gaseous  carbon  compounds  the  minimum  weight 
of  carbon  is  1 2  g.     Since  this  minimum  weight  is  found  in  the 
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^Bcs  carbon  dioade  and  methane,  we  conclude  that  but  one 

^Bun  of  carbon  is  contained  in  a  molecule  of  each.     On  the  other 

^■nd,  33-4  liters  of  acetylene  contain  24  g.  of  combined  carbon, 

^Hich  is  twice  the  minimum  weight,  from  which  we  conclude 

^H|l  in  a  molecule  of  this  gas  there  are  two  atoms  of  carbon. 

^Bwe  have  now  reached  the  conclusion  that  a  molecule  of  methane 

^Btoi»s/our  atoms  of  hydrogen  and  one  of  carbon  we  see  that  we 

^Hvc  developed  a  method  whereby  we  can  solve  the  problem 

^Bst  suggested  by  Dalton.  that  of  discovering /AfM«miero/a/oms 

'    efeiich  sort  in  a  molecule  of  a  given  substance  at  least  in  the  case 

where  the  substance  is  a  gas,  since  it  is  evident  that  the  method 

Ljised  for  methane  is  applicable  to  any  gaseous  substance. 

^v  ]i4.  Tlie  Number  of  Atoms  of  Each  Kind  in  a  Molecule.— To 

^Hustrate  by  further  examples,  we  may  consider  the  cases  of  a 

.     fcw  of  the  gases  we  tiave  already  studied.     We  see,  by  reference 

lo Table  IV,  that  in  22,4  liters  of  hydrogen  chloride  there  are 

tound  the  minimum  weights  of  both  hydrogen  and  chlorine  and 

I'luclude  that  the  molecule  of  this  gas  is  made  up  of  one  atom 

each  of  hydrogen  and  chlorine.    We  also  see  by  Table  IV  that 

ihc  unit  volume  of  ammonia  contains  the  minimum  weight  of 

nilftigcn  and  three  times  the  minimum  weight  of  hydrogen,  and 

'ledde  that  in  a  molecule  of  ammonia  one  atom  of  nitrogen  must 

I      l«  united  with  three  atoms  of  hydrogen.     In  all  other  cases  the 

Lttuoaing  is  equally  simple,  so  that  the  student  will  have  no 

^ftjlDuble  in  deciding  upon  the  number  of  atoms  of  each  kind  in  a 

P  Bolemle  of  each  of  the  gases  mentioned  in  Table  IV. 

115.  The  Number  and  Kind  of  Atoms  in  a  Molecule  Shown 
lijf  the  Formula. — We  are  now  in  position  to  notice  a  most  re- 
^^>ukablc  fact,  which  the  following  examples  will  illustrate.  One 
^^piectilt  of  hydrogen  chloride  conluins  one  atom  of  hydrogen  and 
^^tofcMlorine,  and  its  formula  is  HCl;  one  molecule  of  ammonia 
^Kntains  three  atoms  of  hydrogen  and  one  atom  of  nitrogen,  and 
^Hh formula  is  NH^;  one  molecule  of  methane  contains  four  atoms 
^■tfjtydrogen  and  one  atom  of  carbon,  and  its  formula  is  CH^; 
^^■H^cue  Ike  number  of  atoms  of  each  element  is  Die  same  asilie 
^^^K^U symbol  u-eighCs  of  that  element  in  the  formula  of  the  sub- 
^^l^^-Altd  that  the  same^tEmg  is  true  for  all  gases  ol  Tabl^j^ 
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may  readily  be  found  by  considering  each  separate  case  in  the 
same  way  as  we  did  those  of  three  of  the  gases.  In  every  case, 
therefore,  the  formula  shows  not  only  the  weight  of  each  element  in 
22.4  liters  of  the  gas  but  also  the  number  of  atoms  of  each  dement 
in  one  molecule  of  the  substance. 

2i6.  Symbol  Weights  and  Atomic  Weights. — But  we  may 
now  inquire,  Why  should  this  be  true  ?    To  answer  this  question, 
we  will  recall  that  the  minimum  weight  of  any  element  in  22,4 
liters  of  its  gaseous  compounds  is  the  weight  of  N  atoms  of  that 
element.    If  N  atoms  of  hydrogen  weigh  i  g.  and  N  atoms  of 
carbon  weigh  12  g.,  then  one  atom  of  carbon  must  be  12  times  as 
heavy  as  an  atom  of  hydrogen.    In  a  similar  way  we  are  led  to 
conclude  that  an  atom  of  nitrogen  is  14  times,  and  an  atom  of 
oxygen  16  times,  as  heavy  as  an  atom  of  hydrogen.    Analogous 
relations  must  likewise  exist  in  the  cases  of  all  other  elements; 
and,  therefore,  taking  the  weight  of  one  atom  of  hydrogen  as  one 
or  unity,  the  weight  of  an  atom  of  any  other  element  is  repre- 
sented by  exactly  the  same  nimiber  as  its  symbol  weight.    For 
this  reason  a  table  of  symbol  weights  is  also  called  a  table  of 
Atomic  Weights ;  and  symbol  weights  are  usually  referred  to  as 
atomic  weights.    But  we  must  remember  that  the  symbol 
weights  may  be  found  by  simple  and  direct  experiments,  inde- 
pendently of  all  suppositions  and  hypotheses,  while  atomic 
weights  are  to  be  represented  by  the  same  set  of  numbers  only 
when  we  assume  that  matter  is  made  up  of  atoms  which  imite 
in  simple  ratios  to  form  molecules  of  which  all  gases  are  assumed 
to  contain  equal  nimibers  in  equal  volmnes.    Briefly  stated, 
symbol  weights  are  natural  constants,  but  atomic  weights  are  the 
probable  relative  weights  of  the  atoms  of  which  we  imagine  matter 
to  be  made  up.    We  now  may  answer  the  question  proposed  in  the 
first  sentence  of  this  paragraph.     The  number  of  atoms  of  any 
sort  in  a  molecule  is  the  same  as  the  number  of  symbol  weights  of 
that  element  because  the  absolute  weight  of  an  atom  of  any  element  is 
proportional  to  its  symbol  weight.    In  this  chapter  we  have  seen 
how  the  problem  which  Dalton  set  for  himself  over  a  century 
ago  is  to  be  solved,  at  least  as  definitely  as  chemists  know,  up 
to  the  present  time,  how  to  solve  it.     The  key  to  the  solution  vmu 
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t  hypotfiesis  of  Avogadro,  which  was  suggested  in  1811,  only 
;  years  after  Dalton's  views  first  appeared  in  print,  and 
Inch  was  rejected  by  Dalton  himself,  and  was  only  accepted 
f  the  chemical  world  at  large  half  a  century  later. 

217.  Formula  Weights  and  Molecular  Weights. — It  is  of 
lursc  obvious  that  the  weight  of  a  molecule  may  also  be 
expressed  in  terms  of  the  weight  of  one  atom  of  hydrogen  which 
is  taken  as  unity.  For  example,  if  one  atom  each  of  hydrogen 
and  chlorine  compose  a  molecule  of  hydrogen  chloride  and  if,  as 
we  has-e  seen,  an  atom  of  chlorine  weighs  35 . 5  times  as  much  as 
an  atom  of  hydrogen,  then  a  molecule  of  the  compound  must 
weigh  36.5  times  as  much  as  an  atom  of  hydrogen;  and  wc  say 
therefore  that  the  Molecular  Weight  of  hydrogen  chloride  is 
36.5.  The  molecular  weight  of  a  gas  has  consequently  the  same 
numerical  value  as  its  formula  weight,  the  weight  of  an  atom  of 
hydrogen  being  in  all  cases  taken  as  unity.  The  conclusion 
Ihat  the  relative  weights  of  the  molecules  of  gases  are  propor- 
timai  to  their  respective  formula  weights  follows  at  once  from  the 
asumption  of  Avogadro's  hypothesis.  But  we  now  see  also  that 
the  weights  of  gaseous  molecules,  briefly  their  molecular  weights, 
uc  all  represented  by  the  same  numbers  as  their  formula  weights 
if  we  choose  the  atomic  weight  of  hydrogen  as  unity;  for  this 
msoa  it  seemed  logical  to  discuss  atomic  weights  before  molec- 
ular weights.  It  is  also  evident  that  the  molecular  weight  of  a 
tubsiance  must  be  equal  to  the  sum  0/  tlie  atomic  weights  indicated 
l>y  the  formula.  / 

JiB.  The  Formulae  of  Some  Elementary  Gases.— We  are  now 
in  position  to  consider  the  meaning  of  the  fact  that  the  formulae 
I,  0,.  Ni,  and  CL  were  found  for  the  four  elementary  gases  ' 
bidied.  If  we  accept  Avogadro's  hypothesis  for  these  as  well 
b  for  compound  gases,  then  the  unit  volume  of  each  gas  must 
0  contain  A'  molecules.  But  we  know  also  that  the  weight 
leach  case  is  twice  the  minimum  weight  of  jV  atoms;  for  this 
son  we  are  forced  to  conclude  that  the  unit  volume  of  each 
pi  contains  2  N  atoms,  and  hence  that  each  molecule  contains 
t9o  atoms.  The  same  rule  that  applies  to  compound  gases 
Rilies  here  also:  the  number  of  atoms  of  each  element  in  any 
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molecule  is  the  same  as  the  number  of  symbol  weights  of  that 
element  in  the  formula  of  the  substance.  The  obvious  meaning 
of  these  facts  is  that  an  atom  of  hydrogen,  for  example,  can 
unite  with  another  atom  of  hydrogen  as  well  as  with  one  of 
chlorine  or  some  other  element.  There  remains  the  question: 
Do  we  have  any  other  evidence  of  the  truth  of  this  conclusion  ? 
Let  us  see. 

219.  The  Union  of  Hydrogen  and  Chlorine  by  Volume. — It 
will  be  recalled  that  when  hydrogen  and  chlorine  gases  imite  to 
form  gaseous  hydrogen  chloride,  one  volume  of  each  of  the 
elementary  gases  combines  to  give  two  volumes  of  the  product. 
Now  in  two  imit  volumes  of  22 . 4  liters  each  of  hydrogen  chloride 
there  must  be  2  iV  atoms  of  hydrogen  and  2  A'^  atoms  of  chlorine, 
since  wie  cannot  have  less*  than  one  atom  of  each  element  in  a 
molecule  of  the  compound;  but  the  two  unit  volumes  of  hydrogen 
chloride  are  formed  from  one  unit  volume  of  hydrogen  and  one  of 
chlorine  each  containing  N  molecules;  and  again  we  are  led  to 
the  conclusion  that  N  molecules  of  hydrogen  or  chlorine  contain 
2N  atoms  in  each  case,  or  that  each  molecule  of  either  elemen- 
tary gas  contains  two  atoms. 

220.  Gay  Lussac's  Law  of  Combining  Volumes. — The  simple 
volumetric  relation  between  hydrogen,  chlorine,  and  hydrogen 
chloride,  1:1:2,  is  not  an  exceptional  case;  other  gases  also 
exhibit  similar  simple  relations.  Thus,  two  volumes  of  hydrogen 
and  one  volume  of  oxygen  unite  and,  if  the  temperature  at  which 
the  experiment  is  carried  out  is  so  high  that  the  water  remains  in 
the  form  of  steam,  the  latter  measures  two  volumes;  so  that  the 
volimie  relations  are  2:1:2.  In  the  burning  of  methane  one 
volume  of  the  gas  requires  two  volumes  of  oxygen  and  gives 
one  volume  of  carbon  dioxide  and  two  volumes  of  steam,  the 
measurements  all  being  made  at  a  sufficiently  high  temperature 
in  this  case  also  to  keep  the  steam  from  condensing.  Or,  when 
ammonia  gas  is  decomposed,  as  it  may  be  by  means  of  electric 
sparks,  two  volumes  of  ammonia  yield  one  volume  of  nitrogen 
and  three  volumes  of  hydrogen.  The  fact  that  gases  and  vapors 
of  volatile  substances  always  react  in  simple  ratios  by  volume 
was  discovered  by  Gay  Lussac  in  1808,  and  is  known  as  Gay 
Lussac's  Law  of  Combining  Volumes. 
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331.  EzpIanRtion  of  the  Law  of  Combining  Voluiiies.^Tbe 
explanation  of  this  law  will  appear  if  we  write  tlie  equations  of 
the  reactions  mentioned: 


H,+C1,->2HCI 
t  vol.  I  vol.  2  vols. 

2  vob.  I  vol.  2  vols. 


I  vol.  2  vols.  I  vol.  2  vols. 
2  vols.  3  vols.  1  vol. 


■Again  we  see,  as  we  did  earlier  (76,  77),  that  the  volumes  are 
the  same  as  the  coefficients  of  the  formulae  in  the  equations,  and 
this  for  the  fundamental  reason  that  one  formula  weight  always 
[e[)resents  one  unit  volume,  in  the  case  of  a  gaseous  or  volatile 
substance.  Moreover,  we  now  understand,  to  cite  the  first 
eumple,  that  one  unit  volume  of  hydrogen  containing  A''  mole- 
cules and  2iV  atoms  will  require  2A' atoms  of  chlorine  or  TV  mole- 
cules, which,  according  to  Avogadro's  hypothesis,  will  be  found 
in  one  unit  volume  of  chlorine.  The  reaction  will  then  produce 
2.V  molecules  of  hydrogen  chloride,  which  according  to  the  same 
hj-pothesis  will  occupy  two  unit  volumes.  Similar  reasoning 
may  be  applied  to  all  other  cases. 

iia.  The  Degree  of  Accuracy  of  Symbol  Weights. — Before 

leaving  the  discussion  of  symbol  and  atomic  weights  we  must 

lainsider  the  degree  of  accuracy  of  the  statements  of  numerical 

L^ltsutts  made  in  early  chapters  and  summarized  in  Table  IV.     It 

^pb perhaps  needless  to  point  out  that  statements  of  lengths,  areas, 

P  Wkunes,  weights,  etc.,  whether  they  refer  to  scientific  or  other 

mailers,  are  in  general  more  or  less  approximate,  the  degree  of 

accuracy  aimed  at  being  determined  by  the  requirements  of  the 

CISC.    Thus,  if  a  stranger  in  the  city  inquires  the  distance  from 

the  City  Hall  to  the  University  and  is  told  by  a  policeman  that 

ilis  seven  miles,  the  answer  is  quite  as  accurate  as  necessary. 

It  such  approximate  statements  of  distance  would  not  satisfy 

t  requirements  of  a  surveyor  who  wished  to  make  an  accurate 

p  of  the  city.     Up  to  about  twenty-iive  years  ago  the  most 

nirate  analyses  of  water  indicated  that  2  g.  of  hydrogen  were 

i  with  15.96  g.  of  oxygen.    As  all  chemists  know  that 

kcvny  analysis  there  is  inevitably  some  experimental  error 
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of  greater  or  less  magnitude,  it  was  thought  that  the  true  weight 
of  oxygen  combined  with  exactly  2  g.  of  hydrogen  was  exactly 
16  g.  It  then  became  apparent  from  the  new  researches  of  a 
number  of  chemists  that  the  error  in  the  accepted  results  was 
greater  than  suspected,  and,  moreover,  that  the  true  proportion 
of  oxygen  in  water  was  less  instead  of  greater  than  the  value 
found  earlier,  the  new  experiments  leading  to  a  ratio  of  2  to  1 5 .  88, 
with  a  probable  error  of  less  than  o.oi  g.  in  the  weight  of  oxygen 
combined  with  exactly  2  g.  of  hydrogen. 

223.  0  =  16.000,  the  Real  Basis  for  Symbol  and  Atomic 
Weights. — ^An  annoying  difficulty  now  arose  from  the  fact  that 
far  more  symbol  weights  had  been  found  by  the  analysis  of  oxygen 
compounds  than  by  the  analysis  of  compounds  with  hydrogen, 
owing  to  the  greater  accuracy  with  which  the  former  analyses 
could  be  made;  so  that  it  then  became  necessary  for  chemists  to 
decide  whether  they  should  change  the  symbol  weights  of  oxygen 
and  all  elements  whose  symbol  weights  had  been  found  by  the 
analysis  of  their  oxygen  compounds,  or  whether  they  should 
change  the  symbol  weights  of  hydrogen  and  a  few  other  elements. 
After  much  debate  the  former  policy  was  adopted  and  the  symbol 
weight  of  oxygen,  0  =  16.000,  kept  unchanged,  although  this 
made  it  necessary  to  change  the  symbol  weight  of  hydrogen  to 
1.008.  Our  most  accurate  knowledge  of  the  composition  of 
water  is  expressed  by  the  statement  that  2X1. 008  g.  of  hydrogen 
are  combined  with  16.000  g.  of  oxygen  in  18.016  g.  of  water,  a 
fact  which  is  also  expressed  by  the  formula  H2O,  when  we  consider 
that  H  =  1.008  g.  of  hydrogen  and  0  =  16.000  g.  of  oxygen. 
Oxygen  with  a  symbol  weight  of  16.000  has  thus  become  the  real 
basis  of  the  system  of  symbol  and  atomic  weights  rather  than  hydrogen 
with  a  symbol  weight  of  unity, 

224.  The  Method  of  Finding  Symbol  Weights. — ^The  symbol 
weights,  and  therefore  also  the  atomic  weights,  of  all  other  ele- 
ments are  now  based  upon  that  of  oxygen  taken  as  16.000;  but 
we  see  by  a  comparison  of  the  values  given  in  a  table  of  exact 
atomic  weights  that  in  no  case  does  the  exact  value  based  on 
0«"  16.000  differ  greatly  from  the  approximate  value  we  have 
previously  used.    Just  as  more  accurate  analyses  led  to  a  change 
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I  the  symbol  weight  of  hydrogen,  so  also  newer  analyses  have 
led  and  will  continue  in  the  future  to  lead  to  a  more  exact 
knowledge  of  the  symbol  weights  of  other  elements.  We  do  not 
espect,  however,  that  the  values  accepted  at  present  for  the 
iTommoner  elements  will  be  changed  by  more  than  a  few  units 
in  ihe  second  decimal  place.  Concisely  stated,  the  matter  stands 
thus:  Approximate  symbol  -weights  are  found  in  the  manner 
itscribed  in  chap,  v,  while  the  more  exact  values  are  fixed  by  the 
most  painstaking  analyses  and  syntheses,  being  computed  on  the 
basis  of  0  =  16.000. 

225.  Inexactness  of  the  Gas  Laws. — The  gas  laws  of  Boyle, 
Charles,  and  Avogadro  are  also  only  closely  approximate  state- 
ments of  the  facts.     For  example,  if  the  pressure  on  1,000  c.c, 
I'i  oxygen  under  standard  conditions  be  exactly  doubled,  the 
vniume  will  become  499-3  c.c.  instead  of  exactly  500,  as  Boyle's 
law  would  indicate.     The  deviations  from  the  simple  laws  are 
thought  to  be  due  to  attractions  between  the  molecules,  on  the 
one  hand,  tending  to  diminish  the  volume,  and,  on  the  other 
hand,  to  the  fact  that  part  of  the  space  occupied  by  the  gas  is 
I      ftUed  with  the  molecules  themselves,  so  that  the  free  space  is 
^Twluced  to  less  than  half  if  the  volume  of  the  gas  is,  by  increase 
^Hl  pressure,  reduced  to  half.     The  actual  deviations  from  the 
^^Wiple  law,  PV  —  3  constant,  become  ncghgible  if  gases  are  under 
low  pressures.     Then  the  three  great  laws  express  almost  exactly 
the  behavior  of  all  gases.     In  other  words,  if  the  barometric 
sure  at  sea-level  were  o.oi  of  its  actual  value,  so  that  our 
ird  of  atmospheric  pressure  would  be  o.  76  cm.  of  mercury 
fatead  of  76  cm.,  then  we  should  find  that  not  only  woidd  the 
's  of  Boyle  and  Charles  express  with  a  high  degree  of  accuracy 
ke  behavior  of  gases  under  pressures  of  this  order  of  magnitude, 
It  that  for  all  gases  the  law  of  Avogadro  would  also  hold  good 
h  as  great  a  degree  of  accuracy  as  experiment  would  enable 
btu  determine. 

I  jj6.  Bxactness  of  Avogadro's  Law  for  Corrected  Gas  Vot- 

-Now,  instead  of  trying  to  weigh  and  measure  gases  under 

!i  low  pressures  in  attempts  to  study  them  more  accurately, 

mists  have  worked  at  ordinary  pressures  and  then  correc 
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the  data  so  obtained  so  as  to  p ve  the  results  that  would  theoreti- 
cally have  been  obtained  for  the  weights  of  i  liter  if  the  measure- 
ments had  been  made  at  very  low  pressures  and  the  calculations 
made  for  a  pressure  of  76  cm.  exactly  according  to  Boyle's  law. 
Working  in  this  way,  it  was  found  that  the  corrected  volume  of 
32  g.  of  oxygen,  the  weight  represented  by  O,,  is  22.41  liters 
at  o**.  It  was  then  discovered  that  exactly  this  (corrected) 
volume  of  any  other  gas  at  o**  contains,  as  nearly  as  the  deter- 
minations could  be  made,  just  the  weight  of  the  gas  which  its 
formula  indicates,  this  weight  being  calculated  from  the  most 
exact  symbol  weights.  In  others,  Avogadro's  law  would  hold 
exactly  at  low  pressures  or  also  at  ordinary  pressure  if  the  attrac- 
tions of  the  molecules  for  each  other  did  not  exist,  and  if  their 
own  volumes  were  negligible  as  compared  with  the  total  space 
occupied  by  the  gas. 

227.  A  Little  Explanation  and  Advice. — It  is  not  necessary  nor 
desirable  that  the  beginner  in  chemistry  should  pay  much  atten- 
tion to  the  matters  discussed  in  the  three  preceding  paragraphs. 
The  approximate  symbol  weights  and  the  gas  laws  in  their  sim- 
plest forms  are  sufficiently  exact  for  his  use.  It  is  much  better 
that  he  should  see  clearly  the  general  fimdamental  principles 
than  that  he  should  be  perplexed  and  confused  by  the  details 
and  refinements  that  are  of  importance  only  to  the  specialist. 
If  the  beginner  continues  his  study  of  chemistry  he  will  be  sure 
to  encounter  later  these  interesting  topics,  when  he  will  be  better 
able  to  appreciate  and  imderstand  them ;  while  if  he  should  not  go 
farther  than  the  first  course,  he  may  feel  assured  that  he  has  be- 
come acquainted  with  the  principles  of  most  fimdamental  impor- 
tance. These  matters  are  discussed  here  in  order  to  explain  why 
the  symbol  or  atomic  weights  given  in  Tables  of  Atomic  Weights 
(see  inside  of  back  cover  of  this  book)  are  not  exactly  the  same 
as  those  we  have  used  in  the  earlier  chapters. 

228.  Means  of  Discovering  Symbol  Weights. — ^The  student 
will  doubtless  have  received  the  impression  from  the  study  of  the 
foregoing  chapters  that  we  can  discover  the  approximate  symbol 
weight  of  any  element  by  finding  the  minimimi  weight  of  the 
element  in  the  unit  volume  of  its  gaseous  or  vaporized  com- 
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Minis;  and  tbis,  in  fact,  is  true  for  a  large  number  of  elements 
D  addition  to  the  five  included  in  Table  IV.    We  shall  now 
naider  some  facts  leading  to  a  knowledge  of  the  symbol  weights 
if  a  dozen  elements  other  than  the  five  already  studied.    These 
Klve  elements  all  form  volatile  compounds,  the  densities  of 
hich  may  be  determined  by  making  experiments  at  sufficiently 
1  temperatures  and  then  calculating,  by  the  laws  of  Boyle 
and  Charles,  for  the  standard  conditions,  the  weight  of  the  com- 
pound in  22-4  liters.     Multiplication  of  the  weight  so  found  by 
le  percentage  of  the  element  in  question  in  the  compound  gives 
le  weight  of  the  element  in  22.4  liters  of  the  vapor,  as  recorded 
I  Table  X. 

TABLK  X 


^B  V>Wil(  Canpoaads  d[ 

1.  ,  Li.er? 

SrmbDl  ind 
Syrobgl  Weight 

Specific  Hut 

t^k 

Bitauth  trichloride. . .    - 

7i  4 

114. » 
Si  0 

12;. 7 
S3- J 

SQ  7 

Sb  -no  1 

As  =   75.0 
Bi   -io8  5 
Cd=il..4 
Cr  =  SJ  > 
I     =1279 
Fe  =  sS-9 

Ph  =  io6  9 
Hg  =  Joo.o 
Ni=  58.7 
P    -  31  0 
Zn=  65.4 

O.OSQ3 
0.0830 
0  0303 
0.05S1 

0  0S4t 
0  ii6j 
00304 
0  030a 
0  .084 

0  0035 

60 

b  1 
63 

^^^puiMiuni  (Kcychjoridc  - . 

5.8 
6.9 
6.3 

^^Ut^bi(:hloH(ic . '. 

<>  4 
63 
6  I 

In  all  cases  the  compounds  are  such  as  contain  the  mini- 
D  weight  of  the  element  the  symbol  of  which  appears  in  the 
ible;  that  is  to  say,  we  do  not  know  any  other  volatile  com- 
s  in  the  respective  cases  containing  appreciably  smaller 
3ghls  in  the  unit  volume.  The  weights  so  found  are,  therefore, 
mately  the  symbol  weights  in  each  case.  The  exact 
mbol  weight  in  any  case  is  then  calculated  from  the  accurately 
Icrmined  percentage  composition  of  some  compound  of  the 
Kment  with  an  element  of  exactly  known  s\Tnbol  weight. 
219.  The  Product  of  Specific  Heats  and  Symbol  Weights. — 
I  There  are  a  great  many  elements  which  do  not  form  gaseous  com- 
,  or  compounds  which  are  sufficiently  volatile  withouj 
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decomposition,  to  enable  us  to  find  their  symbol  weights  in  the 
manner  above  indicated.  Very  fortunately  other  methods  have 
long  been  known  by  which  the  desired  end  can  be  attained.  We 
shall  now  consider  one  of  these  methods. 

A  very  simple  relation  was  discovered  nearly ,  a  century 
ago,  by  Dulong  and  Petit,  between  symbol  weights  and  specific 
heats  of  solid  free  elements.  The  amount  of  heat  required  to 
raise  the  temperature  of  a  given  weight  of  iron  i**  would  raise 
the  temperature  of  an  equal  weight  of  water  only  o.  1162°;  and 
we  say,  therefore,  that  the  specific  heat  of  iron  is  o.  1162.  The 
specific  heats  of  the  other  elements  of  Table  X  are  given  in  the 
fourth  column.  K,  now,  we  multiply  the  specific  heat  of  an 
element  by  its  symbol  weight  we  get  the  remarkable  series  of 
products  contained  in  the  last  column  of  the  table,  where  we  see 
that  the  values  are  nearly  the  same  in  all  cases.  Does  it  not 
seem  probable  that  the  law  which  we  find  applying  to  the  ele- 
ments of  Table  X  would  also  hold  good  for  other  solid  elements 
even  though  they  do  not  form  easily  volatile  compounds?  If 
so,  it  is  clear  that  in  order  to  find  the  approximate  symbol  weight 
of  an  element  we  have  only  to  divide  6,4  by  its  specific  heat,  which 
latter  constant  can  in  general  be  found  by  a  simple,  direct 
experiment.  As  a  matter  of  fact,  this  method  has  been  of  much 
service  in  just  this  way. 

230.  Interpretation  of  the  Law  of  Dulong  and  Petit.-:-The  law 
of  Dulong  and  Petit  is,  moreover,  of  the  greatest  interest  and 
importance  when  viewed  from  the  theoretical  standpoint.  The 
product  of  the  specific  heat  and  symbol  weight  is  obviously  the 
quantity  of  heat  required  to  raise  the  temperature  of  the  symbol 
weight  of  an  element  one  degree;  and  this  amoimt  of  heat  is  the 
same  for  one  element  as  for  another.  But  the  symbol  weights 
of  various  elements  are  the  weights  of  equal  nmnbers  of  atoms, 
and  we  see,  therefore,  that  it  requires  equal  amoimts  of  heat 
to  raise  the  temperatiu^e  of  equal  numbers  of  various  kinds  of 
atoms  by  one  degree!  The  products  of  symbol  weights  and 
specific  heats  are  generally  called  Atomic  Heats;  so  that  the 
Law  of  Dulong  and  Petit  may  be  stated  thus:  The  atomic  heats 
of  the  solid  elements  are  equal. 
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331.  The  Halogens. — The  elements  fluorine,  chlorine,  bro- 
mine, and  iodine  bear  a  dose  resemblance  to  one  another  in  their 
properties  and  chemical  behavior;  coUectively  they  are  called 
ihe  halogens  (from  halite,  the  scientific  name  for  rock  salt). 
In  the  present  chapter  we  shall  first  briefly  review  what  has 
liready  been  learned  about  chlorine  and  some  of  its  compounds, 
md  then  after  a.  more  extensive  consideration  of  the  chemistry 
uf  chlorine  take  up  a  study  of  the  remaining  members  of  this 
important  group  of  elements. 

332.  R6suni4  of  Facts  Already  Learned.— We  know  that 
lommon  salt,  NaCl,  is  the  most  abundant  compound  of  chlorine; 
it  forms  the  raw  material  from  which  all  other  compounds  of 
chlorine  as  well  as  the  free  element  are  made.  The  action  of 
sulfuric  acid  on  salt  {103)  yields  hydrochloric  acid  which, 
by  electrolysis  (43)  or  by  the  action  of  lead  dioxide,  gives  free 

^Jhkirine(i67).    With  bases  or  metallic  oxides  hydrochloric  acid 
^Blds  chlorides,  as  illustrated  by  the  following  reactions: 
^B  K0H+HCI^KC1+H,0  (107) 

H  MgO+2HCi^Mga+H,0.  (143) 

^Horici 


uiides  also  result  when  carbonates  are  treated  with  hydro- 
Joricacid  (163): 

Na,C03+2HCl^?NaCl+CO,+H.O 
CaC0j+2HCl-^CaCl,+C0.+H,0. 

It  will  be  recalled  that  the  chlorides  of  silver,  lead,  and 
univalent  mercury  are  almost  insoluble  in  water  (167, 169,  i8a) ; 
le  salts  are  easily  obtained  by  the  action  of  solutions  of  hydro- 
loric  add  or  any  soluble  chloride  on  solutions  of  soluble  salts 
e  metals,  thus: 

AgNOj+ HC!-*AgCI-|- HNOj 
Pb(NO,},+  aNaCl-^PbCl,+  2NaN0,. 
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The  metals  which  react  with  hydrochloric  acid  set  free  hydrogen 
and  are  themselves  converted  into  chlorides,  for  example: 

Zn+  2HCl->ZnCla+H,  (149) 

2Al+6HCl->2AlCl3+3Ha.  (174) 

Chlorides  also  result  from  the  direct  union  of  chlorine  with  other 

elements: 

Ha+Cl,-^2HC1  (44) 

2Al+3a^2AlCl3.  (174) 

233.  The  Occurrence  of  Chlorine  Compounds  in  Nature. — 
Free  chlorine  does  not  occur  in  nature.  K  free  chlorine  were 
present  in  nature  it  would  very  soon  unite  with  other  substances 
to  form  compounds.  Conunon  salt  is  by  far  the  most  abundant 
natural  compound  of  the  element.  It  occurs  as  a  mineral,  rock 
salt  (halite),  and  as  dissolved  salt  in  sea-water  and  the  waters  of 
salt  lakes  and  springs.  Sea- water  contains  about  3  per  cent, 
while  the  water  of  Great  Salt  Lake  in  Utah  contains  about 
20  per  cent,  of  salt.  Rock  salt  has  doubtless  been  formed  in 
past  geological  times  by  the  slow,  natural  evaporation  of  sea- 
water.  Other  chlorides,  particularly  those  of  potassiimi,  KCl; 
magnesium,  MgCU;  silver,  AgCl;  and  lead,  PbCU,  are  also  found 
in  nature. 

234.  The  Discovery  of  Chlorine. — Free  chlorine  was  first 
made  by  the  Swedish  chemist  Scheele,  in  1774,  and  therefore 
practically  at  the  same  time  that  Lavoisier  in  France  discovered 
the  true  explanation  of  burning.  Scheele  made  chlorine  by 
the  action  of  hydrochloric  acid  on  manganese  dioxide,  a  mineral 
having  the  formula  MnO,,  and  therefore  an  oxide  of  the  metallic 
element  manganese.    The  reaction  occurs  thus: 

4HCl+MnO,->MnCla+Cl.-h2HaO. 

Chlorine  was  not  thought  to  be  an  element  imtil  nearly  forty 
years  after  its  discovery,  but  was  believed  to  be  an  oxide  of 
hydrochloric  acid,  until  a  famous  English  chemist,  Sir  Humphrey 
Davy,  showed  by  conclusive  experiments  that  it  did  not  contain 
oxygen  and  was  really  an  elementary  substance. 
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235*  The  Preparation  of  Chlorine  from  Hydrochloric  Acid. — 

We  have  already  seen  (167)  that  chlorine  is  formed  when  lead 
dioxide  is  warmed  with  hydrochloric  acid: 

4HCl+PbOa->PbCl,+Cl,+  2HaO. 

This  reaction  is  entirely  analogous  to  the  one  between  hydro- 
diloric  acid  and  manganese  dioxide  mentioned  in  the  preceding 
paragraph,  and  since  the  last  substance  is  cheaper  than* lead 
dioxide  it  is  the  one  commonly  used  in  the  laboratory  for  the 
preparation  of  chlorine.  The  experimental  method  consists  in 
adding  to,  say,  100  g.  of  granular  manganese  dioxide  contained 
in  a  flask  about  300  c.c.  of  concentrated 
hydrodiloric  acid  and  warming  gently: 

« 

4HCl+MnO,->MnCla+Cl,+2H/). 

Uanganese  chloride  is  an  easily  soluble 
salt  which  forms  pink  crystals  of  a 
hydrate,  MnCl,  •  4HaO. 

An  excellent,  though  expensive, 
method  of  making  small  amounts  of 
dilorine  for  experimental  work  in  the 
laboratory  consists  in  allowing  concentrated  hydrochloric  acirj  to 
drop  slowly  on  to  solid  potassium  permanganate,  KM  nO^  (V\^,  yj). 
The  latter  substance  is  one  of  the  most  powerful  oxidizing  agitwb^ 
and  reacts  rapidly  in  the  cold  with  hydrf>chloric  acid,  thus: 

i6HCl+2KMn04->2KCl+2MnCl,-h5Cl.+HH/>. 

Since  the  rate  of  production  of  chlorine  is  easily  r<:j(ul;itcd  by 
control  of  the  rate  of  flow  of  the  acid,  the  meth^>^i  is  ;i  ytixy  con- 
venient one  for  the  lecture  table. 

236.  Chlorine, a Poisonoos  Gas.  -  -^lie  chlorine:  which  U  yiv*:rt 
off  is  a  heavy,  yeUowish,  poisoDOos  gas  havin;^  an  t:xn:t:flittyly 
violent  action  on  all  muaius  mc-mbrarjc-s.  It  h  iUt:  ;fii',  //hi/  h 
was  first  used  with  such  iry/uliul  cif'r/t  in  th/;  lrt:wUf\  in  th: 
European  war.  Great  care  mu:t  fje  ^,xerci%e4  Uf  f^ruent  ihi  etcape 
of  appresiable  amounts  of  chlotitu.  into  the  air  0}  the  lalf0 
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and  lo  avoid  as  far  as  possible  initalalion  of  the  gas.  Waste 
chlorine  is  easily  absorbed  when  passed  into  a  solution  of 
caustic  soda. 

237.  The  Electrolytic  Preparation  of  Chlorine, — We  have 
already  learned  (43}  that  chlorine  is  formed  when  hydrochloric 
acid  is  electrolyzed.  By  means  of  the  Brownlee  apparatus 
shown  in  Fig.  21  it  is  found  that  equal  volumes  of  hydrogen 
and  clilorine  are  formed  when  the  concentrated  acid  is  used. 
If,  however,  very  dilute  acid  is  used,  then  the  products  are 
largely  hydrogen  and  oxygen  formed  by  the  decomposition  of 
the  water,  and  very  little  chlorine  is  set  free.  A  complete 
explanation  of  this  curious  fact  is  not  possible  until  certain 
matters  treated  in  a  following  chapter  have  been  considered; 
but  it  may  be  stated  that  hydrochloric  acid  is  more  easily 
decomposed  than  water  by  the  electric  current,  and  that  if  much 
of  the  former  is  present  in  a  water  solution  it  is  decomposed  by 
preference  to  the  water.  In  the  electrolysis  apparatus  the  poles 
or  electrodes  are  sticks  of  carbon.  The  hydrogen  is  liberated 
at  the  negative  pole,  the  chlorine  at  the  positive  pole. 

238.  The  Electrolysis  of  Common  Salt. — The  electrolysis  of 
a  concentrated  solution  of  common  salt  is  by  far  the  most  im- 
portant practical  method  for  the  manufacture  of  chlorine.  It 
is  a  process  which  is  carried  out  on  a  very  large  scale,  as  at 
Niagara  Falls,  where  electrical  power  is  cheap  and  yields  not  only 
chlorine  but  also  hydrogen  and  caustic  soda.  We  might  expect 
the  products  of  the  electrolysis  of  salt  to  be  sodium  and  chlorine, 

2NaC1^2Na-i-Cl„ 

but  when  we  recall  that  sodium  reacts  at  once  with  water  to 
form  hydrogen  and  sodium  hydroxide  (caustic  soda},  the  actual 
result  appears  reasonable.  A  more  complete  explanation  must 
be  deferred  until  later.  As  in  the  case  of  the  electrolysis  of 
hydrochloric  acid  the  chlorine  is  set  free  at  the  positive  electrode, 
which  is  a  carbon  plate,  while  the  sodium  and  hydrogen  are 
formed  at  the  negative  electrode. 

239.  Deacon's  Process. — Before  the  electrical  method  just 
described  was  used  practically,  a  process  invented  by  Deacon, 
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waj  the  cheapest  technical  method  of  making  chlorine.  This 
process  is  based  on  the  fact  that  a  mbtture  of  hydrogen  chloride 
gas  and  oxygen  react  at  a  high  temperature  to  form  chlorine  and 
waler, 

4HCI+0,-*2C!,+  2H,O. 

This  reaction  scarcely  takes  place  at  all  at  ordinary  temperatures, 
and  e\cn  at  the  most  favorable  high  temperature  it  takes  place 
vtry  slowly.  Deacon  discovered  that  the  reaction  could  be 
greatly  hastened  if  the  heated  mixture  of  hydrogen  chloride  and 
oiygen  were  passed  over  broken  bricks  coated  with  copper 
chloride,  CuCl,.  A  small  amount  of  this  substance  is  able  to 
promote  the  reaction  of  almost  unlimited  amounts  of  the  reacting 
gases  without  itself  being  permanently  changed  or  destroyed. 
A  substance  that  behaves  in  this  way  is  called  a  catalytic  agent. 
Catalytic  agents  of  various  sorts  are  extensively  employed  ia 
chemistrj-.  In  the  Deacon  process  air,  which  is  essentially  a 
mixture  of  oxygen  and  nitrogen,  may  be  used  instead  of  pure 
oiygen,  which  would  be  too  expensive  for  practical  purposes. 

340.  A  Remarkable  Phenomenon:  Chemical  Equilibrium. — 
It  is  a  remarkable  fact  that  even  under  the  most  favorable  con- 
ditions the  reaction  between  hydrogen  chloride  and  oxygen  does 
not  go  to  completion,  but  stops  while  the  gaseous  mixture  still 
fontains  some  of  both  of  these  gases.  The  cause  is  discovered 
when  wc  find  that  steam  and  chlorine  react  at  about  400°  to  give 
Mine  hydrogen  chloride  and  oxygen: 

2Cl,+  2H,0^4HCl+0,. 

This  is,  in  fact,  exactly  the  reverse  of  the  reaction  we  have  been  con- 
^idfring.  It  is  plain,  therefore,  that  the  failure  of  the  reaction 
'x'twecn  hydrogen  chloride  and  oxygen  to  go  to  completion  is 
'ite  to  the  interaction  of  the  products,  chlorine  and  water,  to 
form  again  some  of  the  first  pair  of  gases. 

U  a  mixture  of  hydrogen  chloride  and  oxygen  in  the  propor- 
tiiins  shown  in  the  equation  is  heated  to  a  constant  temperature, 
^7400',  a  mixture  finally  results  in  which  all  four  of  the  sub- 
-"•Kts  are  present  in  definite  proportions.  A  mixture  having 
oMtly  the  same  proportions  of  each  of  the  four  substances 
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results  if  the  starting  substances  are  chlorine  and  water,  taken 
also  in  the  proportions  indicated  by  the  equation.  In  the 
mixture  which  finally  results,  the  four  substances  are  said  to  be 
in  a  state  of  chemical  equilibrium.  The  subject  of  chemical 
equilibrium  is  a  very  important  one  which  is  to  be  studied  ir 
detail  in  the  next  chapter. 

241.  The  Physical  Properties  of  Chlorine. — Chlorine  is  a 
pale-yellow  gas,  having  a  density  about  two  and  a  half  times  as 
great  as  air.  Under  standard  conditions  one  Uter  weighs  3 .  22  g. 
Chlorine  is  rather  soluble  in  water,  100  c.c.  of  water  at  20°  dis- 
solving 226  c.c.  of  the  gas.    For  this  reason  the  gas  is  not  easilj 

collected  over  water;  on  accoimt 
of  its  high  density  it  is  easilj 
collected  by  the  downward  dis- 
placement of  air.  If  a  watei 
solution  of  chlorine  is  cooled 
nearly  to  0°,  yellow  crystalline 
chlorine  hydrate,  having  the 
formula  Clj'SHaO,  is  formed. 
This  hydrate  is  very  unstable  and  decomposes  slowly  at  room 
temperature  and  rapidly  at  higher  temperatures  into  chlorine 
gas  and  water. 

242.  The  Liquefaction  of  Chlorine. — ^A  very  interesting  and 
important  experiment  was  once  made  with  this  hydrate  by  the 
great  English  physicist  and  chemist  Faraday,  who  was  at  the 
time  assistant  to  Sir  Humphrey  Davy  (234).  Crystals  oi 
chlorine  hydrate  were  sealed  up  in  one  end  of  a  bent  glass  tube 
as  shown  in  Fig.  31;  when  the  hydrate  was  gently  warmed 
while  the  other  end  of  the  tube  was  cooled  with  ice  a  yelloif^ 
liquid  formed  in  the  cold  end  of  the  tube.  This  Uquid  provec 
to  be  liquefied  chlorine.  It  is  a  heavy,  mobile  liquid,  which  if 
easily  obtained  from  chlorine  gas  either  by  cooling  the  lattei 
to  about  40°  below  zero  at  atmospheric  pressure,  or  by  com- 
pressing it  to  about  four  atmospheres'  pressure  at  about  o** 
Under  one-atmosphere  pressure  liquid  chlorine  boils  at  —34** 
This  work  of  Faraday  in  liquefying  chlorine  was  of  very  great 
importance,  since  it  was  the  beginning  of  the  epoch-makinj 
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■  aperimenls  in  which  he  succeeded  in  liquefying  all  known 
gases  except  five,  among  which  were  hydrogen,  oxygen,  and 
nilrogfn. 
243.  The  Union  of  Chlorine  and  Hydrogen, — Chlorine  and 

hvflrogen  do  not  react  at  an  appreciable  rate  at  room  tempera- 
ture  if  kept  in  complete  darkness,  but  do  unite  with  explosive 
liolence  if  exposed  to  a  bright  light,  hydrogen  chloride  being 
formed,  thus: 

H.+Cl.^iHCl. 

In  order  to  demonstrate  this  interesting  phenomenon  a  thin- 
walled  glass  bulb  is  filled  with  a  mixture  of  equal  volumes  of 
'he  two  gases;  the  bulb  is  then  covered  with  a  thick-walled  bell 
J"'  (Fig-  32)  and  strongly  illuminated  either  by  direct  sunlight 
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w  by  the  rays  from  burning  magnesium  ribbon.  The  sharp 
uplosioa  which  follows  reduces  the  glass  bulb  to  a  powder,  but 
■l^jci  no  damage  to  the  bell  jar.  The  mixture  of  chlorine  and 
-luitogen  is  best  obtained  by  the  electrolysis  of  concentrated 
';><irochloric  acid  in  the  apparatus  shown  in  Fig.  33.  The  inner 
u^scl  has  two  carbon  electrodes.  It  is  surrounded  by  a  larger 
<f3sel,  through  which  water  flows  to  prevent  rise  of  temperature, 
''uring  the  filling  of  the  bulb  and  up  to  the  time  all  is  ready  for 
-le  explosion  it  must  be  shielded  from  bright  light.     The  union  of 

lilurine  with  hydrogen  takes  place  slowly,  without  explosion,  if 
'he  mixture  of  the  two  gases  is  exposed  for  a  sufficient  length  of 
«  to  moderate  light  (44). 

I  344.  The  Burning  of  Hydrogen  in  Chlorine. — If  a  jet  of  hydro- 
R  burning  in  air  is  lowered  into  a  jar  of  chlorine  it  continues 
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to  burn  with  a  pale  flame  (Fig.  34).    The  flame  is  the  result  of 

the  intense  heat  produced  by  the  imion  of  the  two  gases  to  form 

hydrogen  chloride. 

245.  The  Action  of  Chlorine  on  Water. — ^Water  dissolves 

about  two  or  three  times  its  own  voltmie  of  chlorine  at  room 

temperature,  giving  a  yellowish  solution 
known  as  chlorine  water.  This  solution 
smells  strongly  of  chlorine  and  is  often 
used  in  the  laboratory  in  place  of 
chlorine  gas.  If  chlorine  water  is 
exposed  to  light  it  soon  loses  its  color 
and  odor,  and  at  the  same  time  a  color- 
less, odorless  gas,  which  proves  to  be 
oxygen,  is  given  off.  The  experiment 
may  readily  be  carried  out  in  the 
manner  shown  in  Fig.  35.  A  cylinder 
filled  with  chlorine  water  is  inverted  in 

a  dish  or  beaker  and  exposed  to  bright  light  for  a  day  or  two. 

The  gas  produced  will  be  found  to  be  oxygen,  formed  according 

to  the  equation 

2CU+ 2H,0->4HCl+0a. 


Fig.  34 


This  is  the  reversal  of  the  reaction  by  which  chlorine  is  made  by 
Deacon's  process.  While  chlorine  gas  and  steam  react  only 
partially  at  a  high  temperature,  as  already 
stated,  chlorine  dissolved  in  water  and  ex- 
posed to  light  reac^  slowly,  but  completely,  at 
room  temperature  to  form  hydrochloric  acid 
and  oxygen.  This  curious  difference  in  be- 
havior may  be  traced  to  the  fact  that  while 

gaseous  hydrogen  chloride  and  oxygen  react     

to  the  extent  of  about  80  per  cent  at  400°, 

oxygen  gas  does  not  act  at  all  on  a  solution  of 

hydrochloric  acid  at  room  temperature.    No  chlorine  and  water, 

therefore,  can  be  reproduced  in  cold  water  solution  from  the 

products  of  the  action  of  these  two  substances,  and  so  the 

main  reaction  goes  on  to  completion.    Much  more  is  known 
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ibout  the  action  of  chlorine  on  water  than  is  contained  in  this 
iuragraph,  and  the  subject  will  be  taken  up  again  in  the  following 
ckpter, 

146.  The  Umon  of  Chlorine  with  Met&ls. — Chlorine  unites 
liirL-ctiy  with  many  metals  forming  chlorides.  In  many  cases 
the  reaction  takes  place  at  once,  with  the  production  of  heat  and 
mn  in  some  cases  of  light,  upon  bringing  the  metal  into  chlorine 
gas.  Thin  pieces  of  copper  in  the  form  of  dutch  metal  take  fire 
when  dropped  into  a  jar  of  chlorine,  forming  copper  chloride, 
Cu+Cl.->CuCl- 

The  metal  antimony  (symbol  Sb),  in  the  form  of  powder,  also 
unites  with  chlorine,  with  the  production  of  light  and  heat,  if 
iiitcd  into  a  cylinder  of  the  gas,  antimony  trichloride  being 
lomied, 

aSb+3CIv*2SbCl,. 

Chlorine  also  unites  directly  with  sodium,  potassium, 
magnesium,  zinc,  iron,  aluminum,  mercury,  and  many  other 
metals  to  form  the  corresponding  chlorides. 

347.  The  Union  of  Chlorine  and  Phosphorus. — The  element 
phosphorus  is  a  white,  waxy  solid  which  can  be  made  from  cal- 
cium phosphate,  bone  ash  (158).  We  have  already  seen  (10) 
that  phosphorus  bums  readily  in  the  air.  In  so  doing  it  unites 
«ithox>'gen,  thus: 

4P+50y*2PA. 
forming  a  white,  solid  product,  phosphorus  pentoxide.  Phos- 
phoms  also  unites  directly  with  chlorine  to  form  either  phos- 
phorus trichloride,  PCIj,  or  phosphorus  pentachloride,  PCI,. 
The  preparation  of  the  trichloride  may  be  carried  out  in  a  retort 
as  shown  in  Fig.  36,  About  20  g.  of  dry  phosphorus  are  placed 
a  the  retort  and  a  stream  of  chlorine,  dried  by  passing  it  through 
1  Hash  bottle  containing  concentrated  sulfuric  acid,  is  passed 

i>y  means  of  the  glass  tube  which  passes  through  the  stopper 
^1  llie  retort  As  soon  as  the  chlorine  reaches  the  phosphorus, 
mum  takes  place  with  the  formation  of  much  heat  and  the  appear- 
tKtofa  pale  flame.  The  course  of  the  reaction  is  readily  con 
trolled  by  regulating  the  rate  of  flow  of  the  gas  and  by  moving 
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the  gas  inlet  tube  up  or  down  in  the  retort.  K  the  contents  get 
too  hot  so  that  phosphorus  begins  to  distil,  the  temperature  can 
be  lowered  by  raising  the  tube.  On  the  other  hand,  if  yellowish 
crystals  of  the  pentachloride  appear  in  the  retort,  the  tempera- 
ture is  too  low  and  the  tube  should  be  lowered.    The  reaction 

occurs  thus; 

2P+3a-»2PCl3. 

Phosphorus  trichloride  distils  over  and  condenses  to  a  liquid 
in  the  cooled  receiver.    It  may  be  purified  by  being  distilled 


Fig.  36 

from  a  clean,  dry  retort.  It  is  a  colorless  liquid  which  boils  at 
74*^.  It  readily  unites  with  more  chlorine,  forming  solid  crystal- 
line pentachloride,  PClj! 

PCl3+Cl,->PCls. 

The  chlorides  of  phosphorus  are  not  salts.    Both  compounds 

are  acted  upon  vigorously  by  watery  according  to  the  following 

equations: 

PCl3+3H.O->H3P03+3HCl 

PCls+4H,0->H3P04+5HCl. 


The  products  are  hydrochloric  acid  and  in  the  first  case  phos- 
phorous acidi  H3PO3,  and  in  the  second  case  phosphoric  acid, 
H3PO,  (159). 
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J48.  Chlorine  and  Turpentine. — Turpentine  is  a  colorless 
[lud  having  the  formula  C,oH,6,  It  reacts  violently  with 
lorine,  thus: 

C,„H,6+8Cl,-^ioC+i6HCl. 


win 

!  reaction  is  best  shown  by  bringing  a  strip  of  filter  paper 
ch  has  been  dipped  in  turpentine  into  a  cylinder  of  chlorine; 
.1  ilaih  of  Same  occurs  accompanied  by  a  dense,  black  smoke,  due 
I'  the  finely  divided  carbon  formed.  This  reaction,  as  well  as 
liat  between  chlorine  and  water,  shows  the  great  tendency  oj 
.  'ilcirine  to  unite  wttk  hydrogen  even  if  the  hydrogen  is  in  the  form 
■la  compound. 

249,  Practical  Uses  of  Chlorine. — -A  piece  of  litmus  paper 
dipped  into  chlorine  water  becomes  colorless.  Many  other 
vegetable  colors  are  also  bleached  in  the  same  way.  The  process 
:*  of  great  practical  importance.  All  white  cotton  goods  have 
^■en  bleached  by  a  modification  of  this  process,  which  will  be 
liicribed  in  anotlier  chapter  (351). 

In  recent  years  a  new  and  important  use  for  chlorine  has 
■>ifn  found  as  a  reagent  for  the  sterilization  of  municipal  water 
Ltpplies.  The  effectiveness  of  chlorine  is  due  to  the  fact  that 
■  is  a  powerful  germicide  by  reason  of  its  great  chemical  activity. 
Hit  chlorine  is  dissolved  in  the  water  at  the  pumping  stations 
"il  during  the  interval  required  for  the  water  to  flow  through 
!ic  mains  it  reacts  with  the  germs  present  and  is  itself  reduced 
'■  harmless  chlorides.  The  water  supply  of  the  city  of  Chicago 
:  iiuritied  in  this  way. 

J50.  The  Preparation  of  Hydrochloric  Acid. — We  have 
.:.r..-ady  learned  that  hydrogen  chloride  is  made  by  the  action 
!  ^^li^u^ic  acid  on  common  salt.  The  best  laboratory  method 
-  ihat  described  earlier  (103),  the  reaction  taking  place  according 
! '  the  following  equation: 

NaCH-H,SO^^NaHSO,+HCl. 

U,  however,  double  the  proportion  of  salt  indicated  by  this  equa- 
I  is  taken  and  the  temperature  is  finally  raised  sufficiently, 
BioUowing  reaction  will  take  place: 

2NaCl+ H,SO,-*Na,SO,+  2HCI. 
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By  the  last  reaction  a  given  quantity  of  sulfuric  add  will  produce 
double  the  quantity  of  hydrogen  chloride  as  in  the  first;  it  is 
therefore  the  more  economical  and  is  the  one  used  in  the  com- 
mercial production  of  hydrochloric  acid. 

The  imion  of  hydrogen  and  chlorine  to  form  hydrogen 
chloride  has  already  been  discussed  (44,  243).  In  recent  years, 
since  chlorine  has  become  available  in  immense  quantides  as 
a  by-product  of  the  manufacture  of  caustic  soda,  some  hydro- 
chloric acid  has  been  produced  commercially  in  this  way. 

The  old  name  for  hydrochloric  acid  was  muriatic  acid|  and 
this  is  the  name  by  which  the  crude  acid  is  still  conunonly  known 
in  trade. 

251.  The  Physical  Properties  of  Hydrogen  Chloride. — 
Hydrogen  chloride  is  a  colorless  gas,  having  a  choking  odor  and 
forming  a  cloud  of  white  fmnes  in  moist  air.  Its  density  is 
somewhat  greater  than  that  of  air;  one  liter  weighs  1.642  g. 
The  gas  is  very  soluble  in  water;  at  room  temperature  water 
dissolves  about  450  times  its  volume  of  the  gas,  giving  a  con- 
centrated solution  of  hydrochloric  acid.  Considerable  heat  is 
produced  when  the  gas  dissolves  in  water,  so  that  the  solution 
becomes  decidedly  warm.  In  general,  when  gases  dissolve  in 
water  heat  is  produced.  So-called  chemically  pure  hydrochloric 
acid  has  a  specific  gravity  of  i .  2  and  contains  about  37  per  cent 
of  hydrogen  chloride,  the  balance  being  water. 

When  the  37  per  cent  acid  is  heated,  hydrogen  chloride 
gas  is  given  off,  together  with  some  water  vapor,  and  the  remain- 
ing  solution  becomes  less  concentrated.  Finally  the  tempera- 
ture rises  to  no®  before  the  liquid  boils;  by  this  time  the 
concentration  has  decreased  to  20  per  cent.  As  the  solution 
continues  to  boil,  its  concentration,  20  per  cent,  and  boiling- 
point,  no®,  remain  constant;  the  condensed  vapor,  the  so-called' 
distillatei  also  has  a  concentration  of  20  per  cent. 

On  the  other  hand,  if  very  dilute  hydrochloric  acid  is  boiled 
it  loses  water  chiefly  and  becomes  more  concentrated;  finally, 
when  the  concentration  has  reached  20  per  cent  the  boiling 
temperature  has  become  no®,  after  which  both  concentration 
and  boiling-point  remain  constant. 
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ISJ.  The  Chemical  Properties  of  Hydrochloric  Acid. — The 
most  important  chemical  properties  of  hydrochloric  acid  have 
already  been  studied.  These  may  be  briefly  reviewed  in  this 
paragraph.  Hydrochloric  acid  is  perhaps  the  most  typical  of 
sll  acids;  it  turns  litmus  red  and  its  very  dilute  solution,  say 
I  per  cent,  has  a  pleasant  sour  taste ;  it  neutralizes  the  hydroxides 
M  oxides  of  metals,  forming  chlorides  and  water,  for  example: 

NaOH+HCl->NaCl+H,0 
CuO+2HCl->CuCl.+H,0. 

Ii  ids  on  many  metals  forming  chlorides  and  hydrogen,  thus: 
Fe+2HCl->FeCl.+H,. 

The  addition  of  hydrochloric  acid  to  solutions  of  salts  of 
■  (i6g),  lead   (167),  and  univalent  mercury   (182)   gives 
B  of  insoluble  chlorides,  thus: 

AgNO,+  HCl->AgCl-fHNO,. 

lOridizing  agents,  such  as  oxygen  gas  at  a  high  temperature 
|higher  oxides  of  the  metals  like  manganese  dioxide,  liberate 
(orine: 

4HCl+0,->2Cl,+2H,0  (239) 

4HCH-MnO.-*Ch+MnCL+2H,0.  (335) 

I  Hydrochloric  acid  is  an  almost  indispensable  chemical 
it-  It  is  used  extensively  both  in  scientific  and  in  technical 
It  is  manufactured  in  large  quantities  and  is  an  impor- 
tant article  of  commerce. 

35^.  The  Action  of  Hydrochloric  Acid  on  Sodium  Hydrogen 
SsUate. — It  concentrated  hydrochloric  acid  is  added  slowly, 
*ilh  stirring,  to  a  concentrated  solution  of  sodium  hydrogen 
nUtte,  a  white  crystalline  precipitate  is  formed,  wfiich,  when 
ilicred  out,  washed  with  a  little  water,  and  dried,  is  found  to 
nast  of  pure  sodium  cUoride.    The  reaction  is  represented 

HCl-f-NaHSO,-*NaCl+H,SO.. 

T^  IB  seen  to  be  Just  the  reverse  of  the  reaction  by  which 
therefore  a  reversible 


n  chloride  is  made  from  salt. 
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reactioo.  The  direction  which  the  reaction  will  take  depends 
upon  the  amount  of  water  present  and  the  temperature.     Dry 

salt  and  anhydrous  (water-free)  sulfuric  acid  react  practicaUy 
completely  to  form  hydrogen  chloride  and  sodium  hydrogen 
sulfate;  while  sufficiently  dilute  sulfuric  acid  and  salt  do  not 
give  off  any  hydrogen  chloride  gas.  The  reason  is  simple:  th;.' 
gas  is  very  soluble  in  water,  and  even  if  it  were  formed  it  would 
remain  dissolved  in  the  water  present.  The  fact  that  con- 
centrated solutions  of  hydrogen  chloride  and  sodium  hydrogen 
sulfate  give  a  precipitate  of  solid  sodium  chloride  shows  clearly 
that  the  reaction  has  a  tendency  to  reverse.  It  seems  probable 
that  in  the  presence  of  much  water,  that  is,  in  dilute  solution, 
all  Jour  of  the  substances  are  present  in  any  solution  thai  is  made 
by  bringing  either  pair  of  substances  togetlier.  In  such  a  solution 
we  may  say  that  there  exists  a  stale  of  equilibrium  as  the  result 
of  each  pair  of  substances  on  the  same  side  of  the  equation  con- 
tinuously reacting  to  form  the  pair  on  the  opposite  side,  thus: 
H.SO,-i-  NaCI^  NaHSO,+  HCI. 

254.  Bromine. — The  element  bromine  (symbol  Br)  resembles 
chlorine  more  closely  than  does  any  o^:her  element.  It  does  not 
occur  free  in  nature.  Its  salts,  the  bromides,  are  frequently 
found  in  small  amounts  associated  with  chlorides.  Sea-water 
contains  a  small  proportion  of  bromides.  Large  quantities  of 
bromides  are  obtained  from  deposits  accompanying  those  of 
sodium  nitrate  in  the  desert  regions  of  Chile.  The  brines  from 
salt  springs  in  Michigan  also  furnish  bromides  in  commercial 
quantities. 

255.  Sodium  bromide,  NaBr,  potassium  bromide,  KBr,  and 
magnesium  bromide,  MgEr^,  are  the  commonest  salts  directly 
obtainable  from  natural  salt  deposits  and  brines.  From  any 
of  these  the  element  is  readily  set  free  by  the  action  of  chlorine, 
thus: 

2KBr4-Cl,-*2KCH-Br,. 

Upon  passing  chlorine  gas  into  a  solution  of  potassium  bromide, 
the  solution  turns  brown  and  when  heated  gives  off  reddish-brown 
vapors   of  bromine,  which  when  cooled  condense  to  liijLuj 
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rbnunine.  Bromine  is  a  reddish-brown  liquid  which  has  a 
ilensily  owt  three  times  that  of  water.  It  boils  at  58°  and  readily 
rolalilizes  at  ordinary  temperatures.  The  vapor  is,  if  anything, 
more  irritating  to  mucous  membranes  than  chlorine,  and  the 
liquid  produces  deep  burns  when  brought  into  contact  with  the 
jkin.  Bromine  must  be  handled  with  extreme  caution.  In  case 
"I  accident  wash  off  the  bromine  with  water  immediately;  then 
wnsuU  an  instructor  regarding  further  treatment. 

Bromine  dissolves  in  water  to  the  extent  of  about  3  per  cent 
bform  a  light-brown  solution,  known  as  bromine  water. 
1  356.  Hydrobromic    Acid,    HBr. — Hydrogen    bromide,    the 
pttr  solution  of  which  is  known  as  hydrobromic  acid,  can  be 
ide  by  the  direct  union  of  its  constituent  elements: 
H,+Br,->2HBr. 

le  best  method  of  making  hydrogen  bromide  is  based  on  the  fact 
kat  bromine  unites  with  phosphorus  to  form  a  tribromide  or  a 
entabromide,  thus, 

2p+3Br,-^2PBrj 
aP+5Br,->iPBri. 
mpounds  are  entirely  analogous  to  PCl^  and  PCls  (247). 
le  bromides  of  phosphorus  also  resemble  the  chlorides  in  their 
ions  with  water,  thus; 

PBr.+  3H=(>^H,P03+3HBr 
PBri+4H,O^H,PO,+5HBr. 

;  preparation  of  hydrobromic  acid  is  carried  out  in  the 
paraLus  shown  in  Fig.  37. 
[  Ten  grams  of  red  phosphorus, 
Ic-c.  of  water,  and  20  to  25  g. 
I  quarts  sand  are  placed  in  a 
)  C.C.  flask  and  15  c.c.  of  bro- 
,  contained  in  the  (iropping 
banel,  are  allowed  to  run  in 
iwly,  drop  by  drop.  The  U-tube 
totains    some   pieces    of    broken  _ 

or    brick    or    similar   inert 
1  mized  with  3  or  4  g.  of  red  phosphorus,  the  object  of 


150  Introduction  to  General  Cliemistry 

the  glass  or  brick  being  to  distribute  the  phosphorus  so  that  it 
will  present  the  maximum  of  surface.  The  hydrogen  bromide 
given  off  is  freed  from  accompanying  bromine  vapor  by  the 
phosphorus  in  the  U-tube  and  is  absorbed  by  water  contained 
in  the  cylinder.  The  delivery  tube  should  not  dip  into  the 
water  in  the  cylinder,  since  the  gas  is  so  soluble  that  there  would 
be  danger  of  water  getting  back  into  the  U-tube  and  flask. 

257.  The  Properties  of  Hydrogen  Bromide. — Hydrogen 
bromide  is  a  colorless  gas  with  a  choking  odor;  it  gives  white 
fumes  in  moist  air  and  dissolves  abundantly  in  water  to  form  a 
solution  known  as  hydrobromic  acid.  This  is  a  colorless  liquid 
which  closely  resembles  hydrochloric  acid  in  its  proi>erties.  It 
neutralizes  bases  and  imites  with  metallic  oxides  to  form  salts 
called  bromidesi  for  example: 

NaOH+HBi->NaBr+HaO 
MgO+  2HBr-»MgBra+HaO 
CuO+ 2HBr^CuBra+HaO 
Al(OH)3+3HBr-»AlBr3+3H,0. 

The  bromides  of  silver,  lead,  and  imivalent  mercury  are  almost 
insoluble  in  water,  as  are  the  chlorides  of  these  same  metals  (252). 
All  other  bromides  are  easily  soluble.  The  addition  of  hydro- 
bromic acid  or  any  soluble  bromide  to  a  solution  of  a  salt  of 
silver,  lead,  or  univalent  mercury  gives  a  white  precipitate  of 
the  insoluble  bromidei  thus: 

Pb(N03)a+  2HBr->PbBra-f-  2HNO3. 

258.  The  Oxidation  of  Hydrobromic  Acid. — Hydrogen  bro- 
mide and  oxygen  gases  react  when  heated  to  form  bromine  and 
water, 

4HBr+Oa->2Bra+  2HaO. 

This  reaction  is  analogous  to  that  between  hydrogen  chloride 
and  oxygen  (239),  but  takes  place  far  more  completely,  indi- 
cating that  hydrogen  bromide  is  more  easily  oxidized  than  hy- 
drogen chloride.  Other  oxidizing  agents,  such  as  manganese 
dioxide,  readily  set  free  bromine: 

4HBr+MnOa-»MnBra+Bra+  2HaO. 
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In  the  technical  preparation  of  bromine  by  means  of  this 
action  sodium  bromide  is  treated  with  dilute  sulfuric  acid 
I  manganese  dioxide.  In  this  case  all  of  the  available 
nine  is  set  free. 

jNaBr+sH^O<+MnO,-*Na,SO,+MnSO,+Br,+2H.O. 

159.  The  Action  of  Chlorine  on  Broinides.^A  solution  of 
hay  bromide  reacts  with  chlorine  to  form  a  chloride  and  free 

tomine, 

iKBr+Clj-^iKCl+Br,. 

irly,  hydrobroraic  acid  and  chlorine  give  hydrochloric  acid 
I  bromine.    These  reactions  are  nearly  complete,  that  is, 
y  are  not  reversible  to  any  marked  extent,  so  that  we  may 
Beonclude  that  the  metals  and  hydrogen  form  by  prefere/tce  corn- 
founds  with  cJUorine  rather  tlmn  with  bromine.    This  fact  may 
also  be  expressed  by  saying  that  chlorine  has  greater  affinity  than 
i  btomine  for  metals  and  hydrogen.    Using  this  mode  of  expres- 
UD,  we  should  also  say  that  oxygen  has  greater  affinity  than 
nmine  for  hydrogen,  since  hydrogen  bromide  and  oxygen  give 
micr  and  free  bromine. 

160.  The  Uses  of  Bromine  and  Its  Compounds.— Potassium 
inci  sodium  bromides  are  used  extensively  in  medicine  as  seda- 
tives. Silver  bromide  is  the  light-sensitive  substance  of  photo- 
graphic plates.    The  free  element  is  extensively  used  in  the 

I^Banufacture  of  important  coal-tar  dyes. 

^K  a6i.  Iodine.— The  element  iodine  (symbol  I),  bears  almost 

^Btsame  relation  to  bromine  that  the  latter  bears  to  chlorine. 

^H  docs  not  occur  free  in  nature,  but  is  readily  prepared  from 

^^  compounds,  the  iodides  of  sodium  or  potassiimi,  which  are 

^Pbtained  from  two  principal  natural  sources. 

^^  Certain  seaweeds  contain  small  amounts  of  combined  iodine 
*hicb  has  been  taken  up  from  sea-water  in  which  a  minute 
qinstity  is  present.  The  ashes  left  upon  burning  the  dried 
tt»w«ed  >neld  by  extraction  mth  water  sodium  iodide,  Nal. 
ud  pMftSBium  iodide,  KI,    Iodine  compounds  are  also  obtained 

^Mh^roducta  in  the  purification  of  the  sodium  nitrate  found 


K  btom: 
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in  Chile  (104).    Iodine  is  set  free  from  iodides  by  the  action  of 

chlorine,  thus: 

2NaI+Cl,->2NaCl+Ia. 

It  is  also  liberated  by  the  action  of  manganese  dioxide  and 
sulfuric  acid. 

262.  The  Physical  Properties  of  Iodine. — Iodine  is  an  almost 
black,  crystalline  substance,  having  a  density  of  nearly  five.  It 
melts  at  114®  and  boils  at  a  somewhat  higher  temperature,  pro- 
ducing a  vapor  having  a  magnificent  violet  color.  At  a  tempera- 
ture slightly  below  its  melting-point  iodine  has  so  great  a  vapor 
pressure  that  by  cautious  heating  it  may  be  volatilized  com- 
pletely without  being  melted.  If  the  vapor  is  allowed  to  strike 
a  cold  surface  crystals  of  iodine  deposit  directly  without  pre- 
liminary formation  of  liquid  iodine.  The  sublimation  (179)  of 
iodine  in  this  way  is  an  important  step  in  the  purification  of  this 
element. 

Iodine  is  very  slightly  soluble  in  water,  giving  a  faintly 
brownish  solution.  It  dissolves  abundantly  in  water  solutions 
of  potassimn  or  sodium  iodide.  It  dissolves  easily  in  alcohol, 
forming  a  dark-brown  solution  called  by  druggists  tincture  of 
iodine.  Iodine  also  dissolves  easily  in  ether,  forming  a  brown 
solution,  and  in  chloroform  and  carbon  disulfide,  forming 
violet-colored  solutions. 

263.  Iodine  and  Starch. — If  a  dilute  solution  of  iodine  is 
added  to  water  containing  a  little  starch  paste,  made  by  boiling 
starch  with  50  to  100  times  its  weight  of  water,  a  deep  blue- 
colored  solution  results.  This  reaction  is  a  characteristic  and 
very  delicate  test  for  free  iodine.  Iodides,  like  KI,  do  not  give 
this  test;  but  by  adding  chlorine  to  a  solution  of  an  iodide  the 
element  is  set  free  and  can  then  be  recognized  by  the  starch  test. 
An  excess  of  chlorine  interferes  with  this  test. 

264.  Hydrogen  Iodide,  HI. — Iodine  and  hydrogen  unite 
slowly  at  a  temperature  of  400°  to  form  hydrogen  iodide,  thus: 

The  product  is  a  colorless  gas,  analogous  to  hydrogen  chloride 
and  hydrogen  bromide.  Like  these  latter  gases  it  dissolves 
abundantly  in  water,  and  forms  fumes  in  moist  air. 
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Hydrogen  iodide  is  easily  made  by  a  reaction  resembling 
Ibat  used  for  making  hydrogen  bromide.  Iodine  forms  with 
phisphorus  a  tri-iodide,  PIj.  This  reacts  with  water  to  form 
phosphorous  and  hydriodic  acids  thus: 

Pl3+,lH,0->HjPOj+3HI. 

The  process  of  making  hydrogen  iodide  is  carried  out  by  placing 
a  mixture  of  powdered  iodine  and  red  phosphorus  in  a  flask  and 
nmning  in  water,  drop  by  drop  from  a  dropping  funnel,  care 
Wng  taken  not  to  use  more  water  than  is  necessary,  since  an 
eicess  of  water  would  dissolve  the  gas  and  so  prevent  its  escape 
from  the  flask.  The  apparatus  used  for  making  hydrogen 
brtmiide,  Fig,  37,  may  be  used  in  this  case.  The  U-tube  con- 
taining red  phosphorus  serves  here  to  remove  iodine  vapor. 
!  hydrogen  iodide  gas  may  be  collected  by  downward  dis- 
Icemcnt  of  air  or  it  may  be  dissolved  in  water  to  form  a  solu- 
n  of  hydiiodic  acid. 
I  365,  Hydriodic  acid  is  colorless  when  pure,  but  is  brown  if 
Icontains  free  iodine,  which  it  dissolves  readily.  It  neutralizes 
!s  and  so  yields  salts  called  iodides,  for  example; 

HI+NaOH^NaI+H,0 

3HI+Ca(OH},^Cal,+2H,0. 

I  Hydriodic  acid  acts  on  metals  similarly  to  hydrochloric  acid, 
5  iodides  and  hydrogen,  thus: 

2HI+Zn-*ZnI,+H,. 

iHydriodic  acid  is  much  more  easily  oxidized  than  is  hydro- 
c  add,  which  in  turn  is  more  easily  oxidized  than  hydro- 
:  acid;  while  all  three  acids  are  oxidized  by  powerful 
;  agents  such  as  manganese  dioxide  and  lead  dioxide; 
rdriodic  acid,  even  in  dilute  solution,  is  o.\idized  slowly  by 
atmospheric  oxygen,  which  has  no  action  whatever  on  dilute 
bydrochloric  acid: 
m  4HI+O,-^3H,0+ir,. 

^pe  iodine  which  is  slowly  liberated  according  to  the  equation 
Hbnt  above  remains  dissolved  in  the  unchanged  acid  and  ^vOr 
^n  brown  color. 
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266.  Uses  of  Iodine  and  Iodides. — Iodine  is  used  extensively 
in  certain  processes  of  analysis  and  also  in  the  preparation  of 
important  compounds  containing  the  element  carbon,  so-called 
organic  compounds.  Iodine  in  the  form  of  tincture  of  iodine, 
which  is  a  solution  of  iodine  in  alcohol,  is  used  externally  as  an 
antiseptic  and  also  as  a  counterirritant  in  medicine.  The  iodides 
of  potassium,  soditun,  and  ammonitun  are  of  great  importance 
for  internal  administration  iii  medicine. 

267.  Fluorine. — The  element  fluorine  (symbol  F),  is  classed 
among  the  halogens,  although  it  is  less  closely  related  to  the 
other  three  halogens,  chlorine,  bromine,  and  iodine,  than  these 
three  are  to  one  another.  The  atomic  weights  of  these  elements 
are:  fluorine,  19;  chlorine,  35.5;  bromine,  80;  iodine,  127. 
Fluorine  has,  therefore,  the  smallest  atomic  weight  of  any  of 
the  halogens.  We  might  expect  it  to  resemble  chlorine  more 
closely  than  it  does  bromine  and  iodine  and,  in  fact,  such  is  the 
case.  It  is  a  pale-yellow  gas  which  is  very  active  chemically  and 
never  occurs  free  in  nature.  Its  most  abundant  natural  com- 
pound is  calcium  fluoride  or  fluor-spar,  CaF,.  It  also  occurs  as 
cryolitei  sodium  aluminum  fluoride,  3NaF-AlF3.  These  sub- 
stances are  salts  of  hydrofluoric  acid.  We  might  expect  that 
free  fluorine  could  be  made  by  oxidizing  hydrofluoric  acid  with 
manganese  dioxide,  thus: 

4HF+ MnOa->MnFa+ Fa+ 2HaO ; 

but  we  find,  in  fact,  that  hydrofluoric  acid  is  entirely  unacted 
upon  by  the  most  powerful  oxidizing  agents.  The  free  element 
was  first  made  by  Moissaui  by  the  electrolysis  of  anhydrous 
liquid  hydrogen  fluoride,  in  which  some  potassimn  fluoride,  KF*, 
was  dissolved  to  make  it  conduct  electricity  readily.  The  pro- 
ducts of  the  electrolysis  were  fluorine  and  hydrogen: 

2HF->Fa+Ha. 

Fluorine  is  one  of  the  most  active  of  all  elements.  It  rapidly 
attacks  glass  and  also  most  metals,  and  it  reacts  at  once  with 
water  forming  hydrofluoric  acid  and  oxygen : 

2F,+  2HaO>4HF+Oa. 


¥ 
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riTie  preparation  of  fluorine  is  a  matter  of  great  difficulty,  for 
wiiich  reason  it  is  very  seldom  made. 

)68.  Hydrogen  Fluoride,  HF.^Hydrogen  fluoride,  a  gas 
whose  water  solution  is  called  hydrofluoric  acid,  is  the  most 
important  compound  of  fluorine.  It  is  formed  by  the  action  of 
coDcentrated  sulfuric  acid  on  powdered  calcium  fluoride: 

H,SO,+ CaFr^CaS0,4-  3HF. 

It  is  a  colorless  gas  with  a  choking  odor.  At  temperatures  of 
too"  and  higher  its  density  shows  that  the  gas  has  the  formula 
HF;  at  room  temperature  the  density  is  more  than  double 
that  expected  for  a  gas  with  the  formula  HF.  This  fact  leads 
lo  the  conclusion  that  the  single  molecules  have  become  asso- 
ckted,  probably  to  form  double  or  triple  molecules  such  as 
HJ",  and  HjF].  Hydrogen  fluoride  gas  is  condensed  to  a  liquid 
Derely  by  cooling  it  with  ice;  colorless  liquid  hydrogen  fluoride, 
so  obtained,  boils  at  19°. 

269.  Hydrofluoric  Acid  and  Its  Saits.^A  30  per  cent  solu- 
tion of  hydrofluoric  acid  is  an  important  article  of  commerce. 
The  acid  has  several  practical  uses.     These  include  the  etching 
polishing  of  glass,  the  removal  of  sand  from  castings,  and 

FUk  preparation  of  its  salts  and  also  of  hydrofluosilicic  acid, 
ESiF». 

Hydrofluoric  acid  forms  with  bases  salts  called  fluorides. 
The  soluble  fluorides  are  very  effective  preservatives,  since  they 
inhibit  the  growth  of  bacteria,  molds,  etc.  But  their  use  in 
foodstuffs  is  prohibited  because  of  their  interference  with  diges- 
tion. 

Ammonium  fluoride,  NH^F,  is  used  as  a  disinfectant  for 
utrasJIs  used  in  breweries,  Sodium  fluoride,  NaF,  is  extensively 
iwd  as  a  vermin  exterminator  for  poultry. 

370.  The  Action  of  Hydrogen  Fluoride  on  Quartz. — We  must 
now  digress  a  little  from  the  subject  in  hand  in  order  to  be  able 
fully  to  understand  one  of  the  most  interesting  reactions  of 
^n  fluoride,  The  substance  called  quartz  is  the  oxide 
clement  silicon  (sjinbol  Si)  and  has  the  formula  SiO,. 
00  sand  is  more  or  less  pure  quartz. 
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made  by  melting  together  sand,  sodium  carbonate,  and  slaked 

lime,  may  be  considered  a  mixture  of  sodium  silicatej  Na^SiOj, 

and  calcium  silicatei  CaSiOj.    Hydrofluoric  acid  and  quartz 

react  very  readily  to  form  gaseous  silicon  fluoridei  SiF4,  and 

water,  thus: 

4HF+SiOa->SiF4+2HaO. 

This  is  a  very  characteristic  reaction;  none  of  the  other  halogen 
adds  have  any  action  on  quartz. 

Glass,  which  is  almost  unaffected  by  the  other  halogen  acids, 
is  rapidly  attacked  by  either  hydrogen  fluoride  gas  or  hydro- 
fluoric acid  solution.  The  fluorine  unites,  not  only  with  the 
silicon,  as  in  the  case  of  quartz,  forming  silicon  fluoride,  but  also 
with  the  sodium  and  calcium  forming  sodium  fluoride,  NaF,  and 
calcium  fluoridCi  CaFj,  the  reactions  being: 

NaaSi03+6HF->SiF4+2NaF+3H,0  ' 
CaSi03+ 6HF->SiF4+ CaF,+ 3H,0. 

The  result  is  that  glass  dissolves  very  easily  in  hydrofluoric 
acid,  in  consequence  of  which  this  acid  cannot  be  kept  in  glass 
bottles.  ParaflSne  and  other  waxes,  which  are  not  attacked,  are 
used  for  bottles  for  this  acid,  while  larger  containing  vessels  are 
made  of  lead. 

271.  Etching  Glass  with  Hydrogen  Fluoride. — The  etching  of 
glass  may  be  illustrated  by  coating  a  glass  plate  with  a  thin 
layer  of  parafi&ne,  and  after  making  a  design  or  inscription  by 
means  of  a  hard  pencil  which  will  cut  through  the  paraffine  and 
thus  expose  the  surface  of  the  glass,  exposing  the  plate  to  the 
action  of  hydrogen  fluoride  gas.  The  gas  is  easily  made  by 
mixing  a  few  grams  of  powdered  fluor  spar  with  concentrated 
sulfuric  add  in  a  shallow  lead  dish.  The  latter  is  covered  with 
the  glass  plate  and  set  aside  for  ten  or  fifteen  minutes.  Upon 
removing  the  parafi&ne,  the  design  will  be  found  to  have  been 
etched  upon  the  glass. 

272.  Hydrofluosilicic  Acid,  H2SiF6. — Hydrogen  fluoride  and 
silicon  tetrafluoride  unite  readily  in  the  presence  of  water  to 
form  a  solution  of  hydrofluosilicic  acid: 

2HF+SiF4->H,SiF6. 
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The  solution  is  a  colorless,  odorless  liquid  which  does  not  attack 
glass  appreciably.  It  has  well-characterized  acid  properties: 
it  reddens  litmus,  has  a  sour  taste,  and  neutralizes  bases  to  form 
salts.  This  acid  is  important  technically.  It  is  made,  in  practice, 
by  the  action  of  hydrofluoric  acid  solution  on  quartz  sand: 

6HF+SiOa-»HaSiF6+  2HaO. 

The  add  is  used  for  the  preparation  of  its  soditmi,  magnesium, 
and  lead  salts.  Sodium  fluosilicatei  Na^SiFd,  is  extensively  used 
in  making  white  enameled  ware  and  also  white,  or  so-called  milk, 
glass.  It  is  remarkable  in  being  one  of  the  very  few  nearly 
insoluble  salts  of  sodiimi.  It  is  obtained  as  a  white  precipitate 
when  solutions  of  common  salt  and  hydrofluosilicic  acid  are  mixed. 

2NaCl+HaSiF6-»NaaSiF6+  2HCL 

Magnestiim  fluosilicatei  MgSiF6,  easily  soluble  in  water,  is 
used  to  harden  concrete.  Lead  fluosilicatCi  PbSiF6,  also  easily, 
soluble  in  water,  is  made  as  an  intermediate  product  in  refining 
lead  (Betts's  process). 


CHAPTER  XIII 

CHEMICAL  EQUILIBRIUM 

273.  Incomplete  Physical  Processes. — ^While  many  physical 
processes  are  seemingly  complete,  there  are  others  which  stop 
far  short  of  completion.  Thus,  for  example,  if  a  small  bulb  of 
water  is  broken  in  a  large  closed  bottle,  evaporation  of  the 
water  will  start  at  once,  but  will  apparently  cease  as  soon  as  the 
pressure  of  the  vapor  reaches  a  value  which  is  definite  for  a 
definite  temperature,  although  much  liquid  may  still  remain 

(112). 

If  we  add  to  some  water  an  equal  weight  of  common  salt, 
the  latter  will  at  once  start  to  dissolve  and  will  continue  to  do  so 
until  the  solution  has,  for  a  given  temperature,  a  certain  definite 
concentration;  then,  although  much  solid  salt  is  still  present, 
no  further  increase  in  concentration  will  take  place  (122). 

When  water  in  a  closed  vessel,  which  it  fills  but  partially, 
reaches  its  maximum  vapor  pressure  for  a  given  temperature, 
we  believe  (201)  that  for  every  molecule  that  passes  from  liquid 
to  vapor  there  is  one  that  passes  from  vapor  to  liquid.  We  say 
that  there  is  equilibrium  between  liquid  and  vapor.  We  believe 
that  a  similar  condition  exists  when  a  solid  apparently  stops 
dissolving  in  a  solution  (207).  The  apparent  state  of  rest  or 
inaction  in  both  cases  is  very  probably  one  in  which  two  opposing 
actions  exactly  counteract  the  effects  of  each  other. 

274.  Incomplete  Chemical  Reactions. — Just  as  in  the  case 
of  physical  processes,  there  are  also  some  chemical  reactions 
that  do  not  go  to  completion.  We  have  already  studied  some 
reactions  of  this  kind  and  must  now  consider  the  matter  more 
fully,  as  it  is  one  of  great  importance. 

The  reaction  between  hydrogen  chloride  and  oxygen  at  400** 
has  been  considered  (239,  240)  under  the  heading  "  Deacon's 
Process."  It  has  been  pointed  out  (245)  that  only  80  per  cent 
of  the  hydrogen  chloride  is  oxidized  when  a  mixture  of  this  gas 
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Ith oxygen  in  the  proportion  indicated  in  the  following 
4HC!+0.^2a,+  2H,0. 


On  the  other  hand,  when  a.  mixture  of  two  formula  weights 

each  of  chlorine  and  water  is  also  heated  to  400°,  80  per  cent  of 

the  chlorine  remains  unchanged,  while  20  per  cent  is  converted 

into  hydrogen  chloride.     It  thus  happens  that  whether  we  start 

witli  the  pair  of  gases  on  the  left  side  of  the  foregoing  equation 

^^r  the  pair  on  the  right,  taking  in  each  case  the  amounts  indi- 

^Kated  in  this  equation,  there  results  a  mixture  of  the  four  gases 

■  which  has  exactly  the  same  amount  of  each  gas  present  in  the 

two  cases.     It  is  easy  to  see  that  the  cause  of  each  reaction  being 

incomplete  is  found  in  the  fact  that  the  products  of  either  reac- 

lion  again  react  in  the  opposite  direction.    In  the  mixture  of  the 

four  gases  which  finally  results  we  say  that  a  state  of  equilibrium 

aists  and  that  the  apparent  stopping  of  further  change  is  really 

ihc  result  of  the  formation  of  hydrogen  chloride  and  oxygen  at 

jast  the  same  rate  as  that  at  which  these  two  gases  change  into 

dUorine  and  water. 

375.  Velocity  of  Chemical  Change.— The  idea  that  a  state 
01  rhcmical  equilibrium  is  the  result  of  two  opposing  changes 
wfaich  take  place  continuously  at  such  rates  or  with  such  velocities 
it  for  every  molecule  of  a  given  substance  formed  one  also 
ippcars  would  imply  that  chemical  changes  take  place  gradually 
possibly  at  definite  speeds  or  velocities. 
It  is  well  known  that  certain  reactions,  as- for  example  the 
ling  of  a  candle  or  the  action  of  an  acid  on  a  metal,  certainly 
take  place  gradually.     It  is  not  so  plain  that  if  the  reaction 
place  between  two  perfectly  mixed  gases  or  between  two 
ttanccs  completely  dissolved  as  a  uniformly  mixed  solution 
thai  lime  is  required  for  llie  reaction  to  take  place.     Nevertheless 
It  is  probable  that  no  reaction,  even  an  explosion,  however  rapid 
il  may  be,  is  absolutely  instantaneous. 

The  speed  or  velocity  of  reaction  in  a  uniformly  mixed  solu- 
tion may  be  beautifully  and  convincingly  demonstrated  by  means 
>!  the  following  experiment: 
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To  800  c.c.  of  water  contained  in  a  flask  there  is  added  25  c.c. 
of  starch  solution  (made  by  boiling  2  g.  of  starch  with  100  c.c. 
of  water)  and  15  c.c.  of  a  3  per  cent  solution  of  iodic  acid,  HIO3. 
The  solution  is  then  well  mixed  and  5  c.c.  of  a  3  per  cent  solution 
of  sulfur  diozidey  SO,,  is  added  and  the  contents  of  the  flask 
are  at  once  thoroughly  mixed  by  being  shaken.  The  time  of 
adding  the  sulfur  dioxide  solution  is  accurately  noted — ^best  with 
a  stop  watch.  No  change  will  be  seen  in  the  colorless  solution 
for  about  60  seconds,  then  the  whole  solution  will  suddenly  turn 
deep  blue.    The  result  is  startling! 

If  the  experiment  is  repeated,  using  the  same  amounts  of 
water  and  of  each  of  the  three  solutions,  and  if  the  temperatiure 
is  also  the  same,  it  will  be  found  that  the  time  required  for  the 
change  to  occur  is  always  the  same.  If,  however,  we  mcrease 
the  amount  of  sulfur  dioxide  solution  added  from  5  c.c.  to 
10  c.c,  everything  else  remaining  the  same,  the  time  required 
for  the  change  will  be  decreased  to  about  30  seconds.  The 
increased  velocity  is  the  result  of  the  increase  in  concentration  of 
the  sulfur  dioxide.    . 

276.  The  Effect  of  Temperature  on  Reaction  Velocity. — ^The 
effect  on  the  velocity  of  increasing  the  temperature  is  easily 
shown  by  starting  with  water  at  25°  instead  of  at  20°,  when  it 
will  be  clear  that  at  the  higher  temperature  the  velocity  is  decidedly 
greater. 

277.  The  Action  of  Sulfur  Dioxide  on  Iodic  Acid. — ^The 
chemical  changes  involved  in  the  reaction  just  described  need 
not  greatly  concern  the  student  at  this  time,  as  they  are  of  less 
importance  than  the  main  facts  of  reaction  velocity  that  they 
serve  here  to  illustrate.  But  as  it  is  only  natural  to  wonder 
what  has  happened  in  such  a  striking  experiment,  the  equations 
for  the  reactions  may  now  be  given.  In  the  first  place,  sulfur 
dioxide,  SO,,  and  water  form  sulfurous  acid,  H2SO3, 

S0.+H.0->H.S03. 

The  latter  reacts  with  the  iodic  acid,  forming  hydriodic  and 
sulfuric  acids,  thus: 

HI03+3H,S03->HI+3H,S04. 
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t  hydriodic  acid  can  also  react  with  iodic  acid  to  form  free 
ine  and  water, 

HIO,+  5HI^3l.+3H.O, 

bd  then  the  iodine  set  free  acts  on  the  starch  to  produce  the 
lue  color.  Now  this  reaction  between  iodic  and  hydriodic 
Cid  does  not  take  place  until  all  the  sulfurons  acid  has  dis- 
ppeaied.  The  time  observed  for  the  appearance  of  the  blue 
■  is  therefore  essentially  that  required  for  the  complete 
KDdation  of  the  sulfurous  acid. 

378.  The  Kinetic  Hypothesis  Applied  to  Reaction  Velocity.^ 
rhe  application  of  the  kinetic-molecular  hypothesis  (chap,  x) 
Jeaiis  to  a  simple  and  reasonable  explanation  of  reaction  velocity. 

Let  us  suppose  that  two  gases,  A  and  B,  caa  unite  to  form 
ft  compound   AB,  and  let  the  reaction  be  represented  by  the 

A+B-^AB. 

Let  us  also  suppose  that  the  reaction  takes  place  rather 

iwly  after  the  two  gases  have  been  thoroughly  mixed.     We 

l»y  now  consider  what  determines  the  rate  at  which  A  and  B 

It  is  obvious  that  union  can  occur  only  when  a  molecule 

(  A  comes  in  contact  with  a  molecule  of  B.    Such  collisions 

1  frequently  occur  by  reason  of  the  rapid  motion  of  lioth 

i  of  molecules.    Now  as  these  collisions  are  matters  of 

tee  it  is  very  easy  to  see  that  If  more  molecules  of  one  or 

h  kinds  arc  brought  into  a  given  space  the  number  of  collisions 

[  A  molecules  with  B  molecules  will  be  increased.     On  the 

:  hand,  decreasing  the  number  of  one  or  both  kinds  of 

ules  will  surely  decrease  the  possible  collisions  of  A  with  B 

idccules. 

'  Probably  not  every  collision  of  an  A  with  a  B  molecule  will 

rtsult  in  a  union  of  the  two  to  form  A  B;  but  if,  on  the  average, 

I  certain  definite  fraction  of  the  collisions  result  in  unitm,  then 

we  can  say  that  the  greater  the  number  of  A  and  B  molecules 

IfiRseDt  in  a  given  volume,  say  1  c.c,  of  the  gas  mixture,  the 

^■tato'  will  be  the  number  of  A  B  molecules  formed  per  second. 

B[  Ve  start  with  a  mixture  of  equal  numbers  of   A   and   B 
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molecules  there  will  be  for  a  definite  pressure  and  temperature  a 
certain  number  oi  AB  molecules  formed  per  second.  After 
a  short  time  the  number  of  A  and  B  molecules  will  have  de- 
creased appreciably,  so  that  now  fewer  AB  molecules  will  be 
formed  per  second,  and  as  time  goes  on,  owing  to  continual  de- 
crease in  the  numbers  of  A  and  B  molecules  present,  there  wiU 
be  fewer  and  fewer  AB  molecules  formed  per  second.  The 
result  will  be  that  the  rate  of  formation  oi  AB  molecules  will 
be  greatest  at  the  start  and  will  gradually  decrease,  until  finally, 
if  the  reaction  is  not  reversible,  all  A  and  B  molecules  will  have 
united. 

279.  The  Kinetic  Hypothesis  Applied  to  Chemical  Equilib- 
rium.— ^Let  us  next  consider,  in  the  light  of  the  kinetic-molecular 
hypothesis,  the  state  of  aflfairs  if  a  reaction  between  gases  is 
reversible.  The  case  of  hydrogen  chloride  and  oxygen  will  serve 
as  a  good  illustration.    The  equation  is 

4HCl-fO.±*2Cla+2aO. 

This  reaction  takes  place  with  moderate  velocity  at  400°,  finally 
reaching  a  state  of  equilibrimn  in  which  all  four  of  the  substances 
are  present. 

Suppose  we  bring  into  a  closed  vessel  at  400°  a  mixture  of 
hydrogen  chloride  and  oxygen  in  the  proportion  indicated  by  the 
equation;  that  is,  four  molecules  of  the  first  gas  to  one  of  the 
second.  The  reaction  will  begin  at  a  certain  velocity,  mole- 
cules of  hydrogen  chloride  and  oxygen  disappearing  by  uniting 
to  form  molecules  of  chlorine  and  water  vapor.  As  time  goes 
on  there  will  be  fewer  and  fewer  hydrogen  chloride  and  oxygen 
molecules  present,  so  that  the  number  of  each  uniting  per  second 
and  also  the  number  of  chlorine  and  water  molecules  formed  pei 
second  will  continuously  decrease.  On  the  other  hand,  the  mole- 
cules of  chlorine  and  water  which  have  been  formed  begin  tc 
reunite  to  form  hydrogen  chloride  and  oxygen.  As  the  total 
numbers  of  chlorine  and  water  molecules  present  will  increase 
as  time  goes  on,  so  the  numbers  of  these  molecules  which  react 
and  so  disappear  per  second  will  also  increase.  The  final  result 
will  be  that  in  each  second  there  will  be  just  as  many  molecules 


Chfmical  Equilibrium 


163 


ef  cMonoe  and  water  disappearing  as  the  numbers  of  each  formed. 
'  The  same  sort  of  thing  will  be  true  for  the  hydrogen  chloride  and 
-ngen — as  many  molecules  of  each  will  finally  be  produced  per 
xvond  as  the  numbers  that  disappear.  When  this  condition 
is  reached  no  further  change  in  the  number  of  any  of  the  four 
jiftsof  molecules  will  take  place,  although  chemical  change  will 
go  iin  continuously.     The  system  is  then  in  a  state  of  equilibrium. 

We  may  now  take  up  a  study  of  a  number  of  reversible  reac- 
tions which  reach  a  state  of  equilibrium, 

380.  Ferric  Chloride  and  Ammonium  Sulfocyan&te. — If  wc 
idd  to  a  very  dilute  solution  of  ferric  chloride,  Fed,,,  which  is 
iaintly  yellow  in  color,  a  dilute  solution  of  ammonium  sulfo- 
cyaaate,  NH,NCS,  which  is  colorless,  a  blood-red  solution  results. 
This  red  substance  is  ferric  sulfocyanate,  Fe(NCS)j,  which  is 
foQied  thus : 

FeClj+3NH^NCS^Fe(NCS),+3NH,Cl. 

Let  us  now  consider  how  we  may  discover  whether  this 
taction  is  complete  when  the  two  substances  on  the  left-hand 
Hde  of  the  equation  are  mixed  in  the  indicated  proportion  or 
whether  a  stale  of  equilibrium  results.  The  experiment  may  be 
airitd  out  on  the  lecture  table  in  the  following  manner: 

To  2  liters  of  water  we  add  20  c.c.  of  a  decinormal  solution  of 
fem'c  chloride  and  20  c.c.  of  a  decinormal  solution  of  ammonium 
iuifocj-anate,  which  is  just  the  amount  indicated  by  the  equation 
35  required  for  the  amount  of  ferric  chloride  present.  Let  us  now 
divide  the  red  solution  into  four  equal  portions,  which  we  may 
place  in  four  similar  cylinders  or  beakers.  Suppose  we  now  add 
lo  the  solution  in  one  of  the  cylinders  20  c.c.  more  of  ammonium 
sulfocyanate  solution.  The  solution  will  be  seen  to  become 
dixpcr  red  in  color,  which  means  that  more  red  ferric  sulfo- 
cyiaate  has  been  fonned.  Now  this  fact  may  be  explained  in 
t  at  two  wa}"5:  first,  that  we  had  by  mistake  used,  in  the 
fe  pboe,  less  than  the  correct  proportion  of  ammom'um  Kulfo- 

Me  indicated  by  the  equation;  or,  secondly,  that  a  state  of 
I  adsted  in  the  solution  and  that  the  increased  con- 
oof  ammonium  sulfocj'anate  had  shifted  the  equilibrium 

II  |«  farm  more  ferric  sulfocyanate. 
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We  can  test  the  truth  or  falsity  of  the  first  supposition  very 
easily.  If  the  original  mixture  contained  less  than  the  correct 
proportion  of  ammoniiun  sulfocyanate,  then  there  would  be 
an  excess  of  ferric  chloride,  and  the  addition  of  more  of  this  salt 
would  not  increase  the  amount  of  ferric  sulfocyanate  and  so 
increase  the  depth  of  red  color.  Let  us  add,  therefore,  20  c.c. 
more  ferric  chloride  to  the  solution  in  the  second  cylinder.  It 
becomes  deeper  red!  This  seems  to  show  that  we  are  dealing 
with  a  condition  of  equilibrium  as  indicated  by  the  double  arrows 
of  the  following  equation: 

FeCl3+3NH4NCS±5  Fe(NCS)3+3NH4Cl. 

If  such  is  the  case,  then  the  addition  of  ammoniiun  chloride  to 
the  solution  in  the  third  cylinder  should  cause  a  partial  fading 
of  the  red  color  by  reason  of  the  partial  disappearance  of  the  red 
ferric  sulfocyanate.  Now  this  is  actually  what  happens  when  the 
experiment  is  carried  out,  as  can  be  seen  by  comparison  with  the 
color  of  the  solution  in  the  fourth  cylinder. 

It  is  clear,  therefore,  that  we  have  here  a  case  of  chemical 
equilibrium  in  which  all  four  of  the  substances  represented  in  the 
equation  can  coexist  in  the  same  solution.  When  we  added  more 
ammoniiun  sulfocyanate  to  the  solution  in  the  first  cylinder  we 
increased  the  number  of  molecules  of  this  salt  and  so  increased 
the  chances  of  collision  of  ferric  chloride  molecules  with  am- 
moniiun sulfocyanate  molecules  and  this  increased  the  number 
of  ferric  sulfocyanate  molecules  formed  per  second.  This 
caused  an  increase  in  the  total  amount  of  the  latter  salt,  and 
thus  gave  rise  very  quickly  to  a  new  state  of  equilibrium  in 
which  the  proportion  of  ferric  salt  in  the  form  of  red  sulfocyanate 
was  greater  than  at  first. 

The  addition  of  more  ferric  chloride  to  the  solution  in  the 
second  cylinder  caused  a  similar  shift  of  equilibrium  for  anala- 
g6us  reasons.  'It  is  a  general  rule  that  increasing  the  concentration 
of  either  of  the  reacting  substances  on  the  same  side  of  an  equation 
causes  a  shift  in  equilibrium  so  as  to  form  more  of  the  substances 
an  the  other  side  of  the  equation.  This  rule  is  also  illustrated  by 
the  fact  that  when  more  ammonium  chloride  was  added  to  the 
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solution  in  the  third  cylinder  the  color  partially  faded;  this 
showed  that  some  of  the  red  ferric  sulfocyanate  had  disappeared, 
and  thus  indicated  that  more  ferric  chloride  and  ammonium 
sulfocyanate  had  been  fortncd. 

j8i.  Hydrogen  and  Iodine. — We  have  already  seen  {264) 
bat  hydrogen  unites  with  iodine  vapor  with  appreciable  speed 
I  about  400°.  The  reaction  is  not  complete,  but  reaches  a 
tote  of  equilibrium  while  there  are  still  considerable  uncora- 
ined  substances  present.    The  equation  is 

I  That  the  reaction  is  reversible  is  easily  shown  by  heating  hydro- 
ben  iodide  gas,  when  the  purple  vapors  of  iodine  appear.  If  the 
lerature  is  370°,  equilibrium  is  reached  when  one-fifth  of  the 
inlrogen  iodide  has  dissociated  into  free  iodine  and  free  hydro- 
gen. This  means  that  out  of  every  1,000  molecules  of  hydrogen 
iodide  taken,  200  have  dissociated  and  Soo  remain  when  the 
Mate  of  equilibrium  is  reached.  The  equation  shows  that  one 
BOlccule  of  hydrogen  and  one  of  iodine  are  formed  by  the  disso- 
fctioa  of  two  molecules  of  hydrogen  iodide.  Therefore  for 
'  200  molecules  of  the  compoimd  dissociated  there  would 
B  formed  100  molecules  of  hydrogen  and  100  of  iodine.  The 
ilibnum  mixture  resulting  from  every  1,000  molecules  of 
Jtlrogen  iodide  taken  consists,  therefore,  of  Soo  molecules  of 
hydrogen  iodide,  100  molecules  of  hydrogen,  and  100  molecules 
II     of  iodine. 

I^B  If  we  bring  together  in  a  dosed  vessel  equal  numbers  of 

^Holecules  of  hydrogen  and  iodine  and  heat  at  370°  until  equllib- 

^Hium  is  reached  we  shall  find  that  for  every  500  molecules  of 

•lydrogen  and  500  molecules  of  iodine  taken  there  result  800 

molecules  of  hydrogen  iodide,  too  molecules  of  hydrogen,  and 

_loo  of  iodine.     In  other  words,  just  the  same  proportion  as 

old  be  obtained  by  starting  with  pure  hydrogen  iodide  gas. 

I  38a.  The  Criterioa  of  Equiiibriuni.^In  all  cases  of  reactions 

[  a  condition  of  equilibrium  the  resulting  mixture  has 

tiame  proportions  of  all  substances,  whether  we  start  with 

B  substances  on  one  side  of  the  equation  or  with  equivalent 
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amounts  of  those  on  the  other  side.  Therefore,  if  we  wish  to 
know  whether  a  given  reaction  has  reached  equilibrium  we  bring 
together  the  substances  which  would  be  the  products  of  the  first 
reaction.  If  the  resulting  reaction  then  gives  a  mixture  of  the 
same  composition  as  that  obtained  in  the  first  case  we  conclude 
that  both  reactions  have  reached  equilibrium. 

283.  Equilibrium  Constant,— In  the  hydrogen  and  iodine 
reaction 

H,+I,^2HI 

the  rate  of  union  of  hydrogen  and  iodine,  which  we  may 
call  the  speed  of  the  reaction  from  left  to  right,  will  depend  on 
the  numbers  of  molecules  of  these  two  elements  present  in  each 
c.c.  It  would  seem  probable  that  for  a  fixed  number  of  hydrogen 
molecules  per  c.c.  the  speed  of  union  would  vary  directly  as  the 
number  of  iodine  molecules,  and  vice  versa;  so  that  this  speed 
should  be  proportional  to  the  product  of  the  number  of  hydrogen 
molecules  Ni  and  the  number  of  iodine  molecules  N,  present  in 
each  c.c.  of  the  gas  mixture.  That  is,  the  speed  of  union,  Si,  is 
proportional  to  A'l  times  N,\  or,  algebraically,  .^_ 

« 
where  kt  is  a  constant  proportionality  factor. 

On  the  other  hand,  the  reverse  change  involves  the  formation 
of  hydrogen  and  iodine  from  hydrogen  iodide,  and  we  see  by 
referring  to  the  equation  that  two  molecules  of  hydrogen  iodide 
must  react  in  order  that  one  ijiolecule  of  hydrogen  and  one 
molecule  of  iodine  may  be  formed.  This  fact  would  make  it 
seem  necessary  for  two  molecujes  of  hydrogen  iodide  to  collide 
in  order  that  the  change  could  occur.  If  so,  increasing  the  num- 
ber of  HP  molecules  in  each  c.c,  would  increase  for  each  mole- 
cule the  chances  per  second  pf  collision  and,  in  fact,  doubling 
the  number  of  molecules  of  tjiis  gas  per  c.c.  would  increase  the 
total  number  of  the  chances  per  second  fourfold,  etc.  In  other 
words,  the  number  of  coUisiops  per  second  of  HI  molecules  with 

'It  has  become  customary  in  chemical  literature  to  use  fonnulae  of  simple 
substances  as  abbreviations  for  the  n^mes  of  these  substances;  especially  in  caaes 
of  frequent  repetition. 


^ 
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one  another  will  be  proportional  to  the  square  of  the  number  of 
molecules  of  this  sort  in  each  ex.  The  details  of  the  method  of 
arriving  at  this  conclusion  need  not  be  considered  at  present. 
If  we  call  the  speed  of  change  of  hydrogen  iodide  into  hydrogen 
and  iodine  S,  and  call  the  number  of  HI  molecules  in  i  c.c.  N„ 
then  it  is  plain  that  this  speed  is  proportional  to  N/,  or 


S,=kJV,', 


^Bbere  k,  is  a  constant  proportionality  factor. 
^V  Let  us  now  think  of  the  stale  of  affairs  when  equilibrium  has 
^Bssulted.  The  speed  of  formation  of  hydrogen  iodide  which 
^Btequal  to  the  speed  of  union  of  hydrogen  and  iodine,  S„  is  now 
'  just  equal  to  the  speed  of  dissociation,  5,,  of  the  hydrogen  iodide. 
This  must  be  the  case,  as  otherwise  further  changes  in  the  pro- 
portions of  the  three  substances  would  still  be  taking  place  and 
i  mixture  would  not  be  in  equilibrium.  For  the  state  of 
Kuilibrium,  therefore,  we  may  write 


id  hence 


k,XN,XN,=k.XN^' 


N,XN,    k,' 

[  Now  k,  and  fe,  are  both  constant  quantities  for  the  reaction 
der  consideration  if  the  temperature  is  fixed,  and  therefore 
ir  quotient  is  a  constant,  so  that  we  may  write 


=  f^. 


■coQstant.     Therefore, 


N.XN, 

is  algebraic  equation  means  that  Jar  the  condition  of  equilibrium 

Ja  fixed  temperature  the  square  of  llie  number  of  molecules  per  c.c. 

^  B!  divided  by  the  product  of  tlie  numbers  of  molecules  of  H^  and 

h  is  a  fixed  or  constant  quantity.    This  matter  can  perhaps  be 

Jxle  a  little  plainer  by  use  of  a  numerical  example.    We  have 
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seen  that  at  370**  the  equilibrium  mixture  which  results  from 
1,000  original  HI  molecules  consists  of  800  molecules  of  H!,  100 
of  Ha,  and  100  of  I,.  In  each  c.c.  of  such  an  equilibrium  mixture 
the  total  number  of  molecules  will  be  very  great;  but,  of  course, 
the  numbers  of  each  kind  will  be  in  the  same  proportion  as  for  a 
total  of  1,000  molecules,  and  therefore 

looXioo 

If  we  start  with  unequal  instead  of  equal  numbers  of  molecules 
of  hydrogen  and  iodine  we  can  calculate  by  means  of  the  equa- 
tion 

what  the  state  of  equiUbrium  will  be.  For  example,  suppose  we 
start  with  a  mixture  of  hydrogen  and  iodine  contaming  four 
times  as  much  hydrogen  as  would  theoretically  be  necessary 
for  the  iodine  taken;  that  is,  four  molecules  of  hydrogen  for  one 
of  iodine.  Calculation  shows  that  if  we  start  with  800  mole- 
cules of  hydrogen  and  200  molecules  of  iodine,  when  equilibrium 
is  reached,  out  of  a  total  of  1,000  molecules  392  will  be  hydrogen 
iodide,  604  will  be  free  hydrogen,  and  4  will  be  free  iodine. 
-  284.  Ammonia  and  Water. — Several  reactions  already  studied 
reach  a  condition  of  equilibrium;  three  of  the  most  familiar  of 
these  may  now  be  considered  as  additional  examples  of  the  subject 
under  discussion.  Ammonia  gas,  NH3,  dissolves  abundantly  in 
water,  giving  a  solution  which  turns  litmus  blue  and  forms  salts 
with  acids.  The  solution  contains  ammonium  hydroxide, 
formed  by  the  union  of  ammonia  with  water  (91) : 

NH3+H,O^NH40H. 

The  solution  smells  strongly  of  ammonia  and  if  it  is  boiled  a 
short  time  all  of  the  gas  is  given  off.  This  shows  that  ammonium 
hydroxide  easily  dissociates  into  its  constituents.  It  seems 
highly  probable  that  in  the  water  solution  a  condition  of  equilib- 
rium exists,  as  indicated  in  the  equation 

NH3+HaO=t^NH40H, 
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nth  free  ammonia  and  ammonium  hydroxide  being  present. 

Heating  such  a  solution  renders  the  free  ammonia  less  soluble, 

and  as  this  partially  escapes,  the  rate  of  formation  of  ammonium 

^droxide  falls  farther  and  farther  behind  the  rate  of  dissociation 

^  this  compound  until  finally  all  of  the  latter  has  disappeared. 

385.  Carbon  Dioxide  and  Water.— A  water  solution  of  carbon 

aide,  CO,,  contains  carbonic  acid,  HjCOj.    But  such  a  solution 

olygives  off  carbon  dioxide,  especially  if  warmed;  which  leads 

Bio  conclude  that  the  reaction  is  a  reversible  one,  and  that  in 

t  solution  there  is  a  state  of  equilibrium  as  represented  by 

the  equation 

tCO.+  H,0-.H,COi.  (I5J) 

I  386.  Sulfur  Dioxide  and  Water. — Sulfur  dioxide,  SOj,  which 
Bformed  when  sulfur  burns,  is  a  colorless  gas  with  a  suffocating 
j  S +0,-^50.. 

R  is  easily  soluble  in  water,  giving  a  solution  which  smells 
strongly  of  the  gas  and  has  acid  properties.  The  solution  con- 
tains a  compound,  sutfurous  acid,  H^SOj.  This  solution  gives  off 
al!  of  its  sulfur  dioxide  when  boiled,  and  we  conclude,  therefore, 
ihai  the  acid  easily  decomposes  into  its  constituents,  water  and 
sulfur  dioxide,  and  that  in  the  solution  we  have  a  state  of  equilil>- 
^brium,  as  represented  by  the  equation 

SO,+  H,0-H.SO,. 

187.  The  Effect  of  Pressure  on  a  System  in  Equilibrium. — 
X)se  we  have,  say,  i  liter  of  water  saturated 
h  a  gas,  say  oxygen,  at  a  fixed  temperature 
1  at  one-atmosphere  pressure.  To  say  that 
e  water  is  saturated  with  the  gas  means  that 
^condition  of  equilibrium  exists  between  solu- 
ind  gas.  Let  us  suppose  the  solution  and 
gw  are  contained  in  a  cylinder  fitted  with  a  gas- 
tight  piston  (Fig.  38)  and  that  the  volume  of  the 
»lved  oxygen  gas  aljove  the  solution  is  i 
If  now  we  double  the  pressure  on  the  gas 


Fig.  38 
of  the  gas  passes  into  solution,  finally  producing  a  new 
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state  of  equilibrium.  By  reason  of  the  fact  that  part  of  the 
gas  dissolved  when  the  pressure  was  doubled  the  volume  of  the 
remaining  gas  will  not  be  half  a  liter,  as  we  should  expect  if  no 
additional  quantity  of  oxygen  dissolved  in  the  water  present, 
but  appreciably  less  than  half  a  liter.  The  effect,  therefore,  of 
increasing  the  pressure  on  the  system  is  to  cause  its  voliune  to 
become  smaller  than  would  be  the  case  if  no  shift  of  equilibrium 
had  occurred.  This  is  the  way  in  which  an  increase  of  pressure 
always  affects  a  system  in  equilibrium:  the  state  of  equilibrium 
shifts  in  such  a  way  as  to  cause  a  greater  decrease  in  volume  than 
would  be  the  case  if  no  change  in  the  state  of  equilibrium  occurred. 
Let  us  consider  another  case.  We  may  inquire  how  the 
equilibrium  represented  by  the  equation 

4HCl+Oa^2Cla+2HaO 

would  be  affected  by  increase  of  pressure.  We  see  by  reference 
to  the  equation  that  four  voliunes  of  HCl  and  one  of  Oa  give  two 
volumes  of  Cla  and  two  of  H2O;  that  is,  that  when  the  reaction 
takes  place  from  left  to  right  there  is  a  decrease  in  volume  from 
5  to  4.  We  should  expect,  therefore,  that  by  increasing  the 
pressure  the  equilibrium  would  shift  somewhat  from  left  to 
right;  that  is,  that  more  chlorine  and  water  would  be  formed 
at  the  expense  of  the  hydrogen  chloride  and  oxygen;  and  this 
is  exactly  what  actually  happens. 

The  effect  of  increase  of  pressure  on  any  system  in  equilibrium 
iSy  in  aU  cases ,  to  shift  the  equilibrium  so  as  to  favor  the  formation 
of  substances  occupying  a  smaller  volume.  In  case  no  change  of 
volume  accompanies  a  chemical  reaction,  then  the  state  of 
equilibrium  is  not  affected  by  change  of  pressure*.    The  reaction 

Ha+Ia=^2HI 

is  an  example  of  this  sort.  Here  one  volume  of  hydrogen  and 
one  volume  of  iodine  vapor  react  to  form  two  volimies  of  hydro- 
gen iodide,  so  that  no  change  of  volume  occurs  when  the  reaction 
takes  place.  It  has  been  found  by  careful  investigation  that 
the  equilibriimi  proportion  of  the  three  substances  is  not  changed 
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r  altering  the  pressure,  as  long  as  the  temperature  remains 
istanL 

.  Effect  of  Temperature  on  a  System  in  Equilibrium. — We 
ive  already  learned  (iia)  that  the  vapor  pressure  of  water 
increases  with  increase  of  temperature.  We  know  also  that  a 
large  amount  of  heat  is  absorbed  when  water  is  evaporated;  at 
yo"  it  requires  540  calorics  to  change  one  gram  of  water  into 
This  is  the  so-called  latent  heat  of  vaporization.  If 
e  have,  in  a  closed  vessel,  water  in  equilibrium  with  its  vapor, 
a  then  apply  heat,  two  effects  are  produced :  the  temperature 
I  raised  and  the  vapor  pressure  is  increased.  The  increase  in 
ssure  is  caused  by  the  evaporation  of  some  water,  and  this 
Wporation  absorbs  some  of  the  heat  which  has  been  applied. 
His  is  a  tjpical  case,  for  we  always  find  that  when  we  apply  heat 
ft  any  system  in  equilibrium  that  the  state  of  equilibrium  shijis 
I  such  a  wiy  that  heat  is  absorbed  in  the  change.  As  heat  is 
sorbed  when  water  evaporates,  heating  causes  increased  vapor 


The  effect  of  temperature  on  the  solubility  of  substances 
IS  already  been  studied  {134).    We  have  learned  that  heat  is 
eilher  absorbed  or  produced  when  a  substance  dissolves;  tliis  is 
ite  so-called  heat  of  solution.    Substances  which  dissolve  with 
absorption  of  heat  become  more  soluble  with  rise  of  tempera- 
ture, while  those  which  dissolve  with  evolution  of  heat,  like 
anhydrous  sodium  sulfate,  NaiSO^,  decrease  in  solubility  as  the 
—temperature  is  raised  (134,  Fig.  27).    If  a  substance  like  the 
It  named  dissolves  with  evolution  of  heat,  its  crystaUization 
I  of  a  solution  is  accompanied  by  absorption  of  heat.     In 
T}"  case  raising  the  temperature  causes  that  change  of  solubility 
hcccur  which  involves  an  absorption  of  heal. 
1  The  state  of  chemical  equilibrium  is  shifted  in  all  cases  by  a 
t  of  temperature.     Now  we  find  that  every  chemical  reac- 
ther  gives  out  or  absorbs  heat.    When  substances  burn,  the 
jven  out  is  very  great.     In  many  other  reactions  the  heat 
MJUced  is  considerable,  while  in  still  others  an  absorption  of 
it  occurs.     If  a  reaction  is  reversible  (all  reactions  that  reach 
e  of  equilibrium  are,  of  course;  of  this  class)  and  produces 
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heat  when  it  goes  in  one  direction,  it  absorbs  an  equal  amount  of 
heat  for  the  same  quantity  of  materials  transformed  when  it  goes 
in  the  opposite  direction. 
If  the  reaction 

Ha+I,±5  2HI  (264) 

has  reached  a  state  of  equilibrium  at  370°,  out  of  every  1,000 
molecules  present  800  will  be  HI,  100  Ha,  and  100  Ij.  If  the 
temperature  is  then  raised  to  440^  and  held  constant  imtil  a 
new  state  of  equilibrium  is  reached,  the  gas  mixture  will  consist 
of  780  molecules  of  HI,  no  of  H,,  and  no  of  la.  Part  of  the 
HI  has  changed  to  Ha  and  L,  and  the  equilibrium  may  be  said 
to  have  shifted  from  right  to  left.  At  temperatures  between 
370**  and  440**  the  change  of  HI  into  Hj  and  la  takes  place  with 
absorption  of  heat.  We  see,  then,  that  raising  the  temperature 
causes  the  equilibrium  to  shift  in  the  direction  that  involves  an 
absorption  of  heat.  Now  this  is  a  perfectly  general  law  for 
chemical  changes,  just  as  it  is  also  for  physical  changes  like  the 
vaporizing  of  a  liquid  and  dissolving  of  a  solid. 

289.  The  Effect  of  Removing  One  Product  of  a  Reaction. — 
The  reaction  represented  by  the  equation 

NaCl+HaS04^NaHS04+HCl  (103, 253) 

has  already  been  studied  rather  fully.  We  may  summarize 
the  facts  briefly,  as  follows:  The  action  of  concentrated  sulfuric 
acid  on  dry  salt  gives  sodium  hydrogen  sulfate,  NaHS04,  and 
hydrogen  chloride  gas,  the  reaction  going  nearly  to  completion 
in  the  direction  of  the  lower  arrow  in  the  equation  given  above 
if  the  mixture  is  warmed.  On  the  other  hand,  if  a  cold  saturated 
solution  of  sodium  hydrogen  sulfate  is  mixed  with  concentrated 
hydrochloric  acid — that  is,  a  saturated  solution  of  hydrogen 
chloride  in  water — an  abundant  precipitate  of  solid  salt,  NaCl,  is 
formed.  This  reaction  is,  we  see,  just  the  reverse  of  the  other. 
If  now  we  mix  a  dilute  solution  of  salt  with  dilute  sulfuric  acid, 
we  see  no  visible  change.  We  also  see  no  change  upon  mixing 
a  dilute  solution  of  sodium  hydrogen  sulfate  with  dilute  hydro- 
chloric acid. 
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(Ve  are  now  in  position  to  explain  all  the  facts  of  the  foregoing 
paragraph  from  the  standpoint  of  chemical  equilibrium.  If 
stf  bring  together  dilute  solutions  of  either  pair  of  substances 
in  the  reaction 

Naa+H,S0,=NaHS04+HCl, 

She  resulting  solution  probably  contains  all  Jour  substances,  side 
hf  side,  in  a  state  oj  equilibrium.  But  we  caanot  notice  any 
(fleet  of  the  mixing,  because  in  the  presence  of  much  water  all 
four  are  held  completely  in  solution,  since  all  four  are  more  or 
less  readily  soluble  in  water.  If,  however,  but  little  water  is 
|iresent,  the  least  soluble  of  the  four  substances,  common  salt, 
miy  partially  separate.  This  is  the  case  when  a  concentrated 
wlution  of  NaHSO,  is  mixed  with  concentrated  HCl.  The 
nason  is  a  simple  one;  the  substances  taken  react  partially  to 
1  NaCI  and  H,S04  in  the  sense  of  the  upper  arrow;  but  the 
lunt  of  NaCl  so  formed  is  more  than  the  water  present  can 
Wd  in  solution;  so  the  excess  NaCI  separates  out  in  the  solid 
This  separation  of  NaCI  continues  until  the  four  sub- 
Ibaces  in  the  solution  have  reached  amounts  which  can  and  do 
i^t  in  equilibrium  with  one  another.  Removing  the  solid 
RiCI  which  has  separated,  or  adding  more  solid  salt,  will  in  no 
By  alter  the  amounts  of  any  of  the  four  substances  contained  in 
le  solution. 

When  concentrated  HjSO,  is  mixed  with  dry  NaCI,  NaHSO, 
id  HCl  begin  to  be  formed.  Now  HCl  is  but  slightly  soluble 
I  concentrated  H,SO,  and,  being  a  gas,  it  at  once  escapes  from 
le  mixture.  Warming  the  mixture  also  promotes  the  escape 
\  the  HCl,  since  the  higher  the  temperature  the  smaller  the 
lubility  of  the  gas  in  the  concentrated  HjSO^.  The  escape  of 
It  HCl  gas  also  has  another  fundamental  effect  on  the  reaction. 
1  order  that  any  reaction  may  reach  a  state  of  e(|uilibrium  it 
Mst  he  reversible;  but  this  reaction  cannot  go  in  the  reverse 
inction  if  the  HCl  escapes  from  the  reacting  mixture  as  fast 
litis  formed.  The  result  is  that  if  no  water  is  present,  con- 
tninted  H,SO,  and  dry  NaCI  react  practically  completely, 
Iving  solid  NaHSO,  and  HCl  gas. 
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290.  The  Action  of  Steam  on  Iron  and  the  Reverse  Action. — 

When  steam  is  passed  over  heated  iron  (29,  Fig.  16)  hydrogen 
and  an  oxide  of  iron  are  formed.  On  the  other  hand,  if  hydrogen 
is  passed  over  the  heated  oxide,  Fe304,  the  products  are  iron  and 
water.  The  equation  for  these  two  reactions,  of  which  one  is 
the  reverse  of  the  other,  is 

3Fe+4H,0=^  Fe304+4Ha. 

If  we  bring  together  either  pair  of  substances  in  a  closed 
vessel  and  heat  them  for  some  time,  a  state  of  equilibrium  is 
reached  in  which  all  four  substances  are  present.  The  iron  and 
iron  oxide  are  solids,  while  the  water,  as  steam,  is  a  gas.  For 
the  condition  of  equilibriimi  the  relative  amounts  of  steam  and 
hydrogen  are  always  the  same  for  a  given  temperature,  no  matter 
what  proportions  of  either  pair  of  substances  have  been  used. 
This  is  the  state  of  affairs  if  the  reaction  occurs  in  a  closed  vessel. 
But  the  results  are  entirely  different  if  the  reactions  take  place 
in  a  tube  holding  the  solids,  through  which  either  steam  in  the 
one  case  or  hydrogen  in  the  other  is  passed.  If  steam  is  passed 
through  a  tube  containing  iron,  then  the  hydrogen  which  is 
formed  is  carried  along  with  the  excess  of  steam  and  has  no 
chance  to  act  on  the  iron  oxide  which  has  been  formed.  There 
is  therefore  no  chance  for  iron  to  be  formed  again,  once  it  has 
been  changed  to  iron  oxide.  As  long  as  unchanged  iron  remains 
and  the  current  of  steam  is  continued,  the  reaction  from  left  to 
right  continues.  The  inevitable  result  is  the  complete  change 
of  the  iron  to  the  oxide.  On  the  other  hand,  if  a  current  of 
hydrogen  is  passed  over  heated  iron  oxide  contained  in  a  tube, 
the  substances  react  in  the  direction  from  right  to  left  of  the 
equation.  The  steam  which  is  formed  passes  along  with  the 
excess  of  hydrogen,  and  once  having  left  the  tube  cannot  pos- 
sibly act  on  the  iron  to  convert  it  back  into  oxide,  so  that  this 
change  also  continues  as  long  as  the  stream  of  hydrogen  is  kq)t 
up  and  comes  to  an  end  only  when  all  of  the  iron  oxide  has  been 
reduced  to  metallic  iron. 

291.  Conclusions. — We  see,  therefore,  that  a  chemical 
reaction  like  the  one  just  discussed  may  reach  a  state  of  equilib- 
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rium,  if  the  reverse  reaction  tends  to  take  place  noticeably,  and 
if  none  of  the  substances  involved  escape  from  the  vessel  in 
which  the  change  takes  place;  or  it  may  go  to  completion  in  one 
direction  or  the  other  if  one  of  the  products  of  either  reaction  is 
allowed  to  escape  from  the  scene  of  action. 

Whether  a  given  reaction  reaches  a  state  of  equilibrimn  or 
goes  to  completion  in  one  direction  or  the  other  often  depends 
upon  the  conditions.  In  the  preparation  or  manufacture  of 
chemical  substances  it  is  usually  very  important  to  cause  equi- 
Ubrium  reactions  to  take  place  as  completely  as  possible  in 
order  to  obtain  the  maximum  possible  yields  of  the  desired 
products. 


CHAPTER  XIV 

HYDROGEN  AND  OXYGEN 

292.  Hydrogen. — Hydrogen  was  first  recognized  in  1766  as 
a  distinct  substance  by  Cavendishi  a  celebrated  English  chemist, 
who  called  the  gas  inflammable  air  and  prepared  it  by  the  action 
of  acids  on  metals.  It  was  not  until  ten  years  after  Cavendish's 
discovery  that  Lavoisier  explained  the  r61e  played  by  oxygen 
in  combustion  and  stated  the  law  of  the  indestructibility  of 
matter  (21)  and  thus  laid  the  foundation  for  the  doctrine  of  the 
elements  in  its  present  form.  For  this  reason  the  classification 
of  hydrogen  as  an  element  was  not  possible  at  the  time  of  its  dis- 
covery. In  1 781  Cavendish  showed  that  nothing  but  water  is 
formed  when  hydrogen  burns  and  thus  proved  that  water  is  a 
compound  of  hydrogen  and  oxygen.  The  name  hydrogen  means 
water-former. 

The  element  occurs  in  but  minute  amounts  in  the  free  form 
in  nature.  Water  is  its  most  abundant  compound;  but  it  is  also 
a  constituent  of  all  dry  animal  and  vegetable  tissuesi  forming 
therein  principally  compounds  with  carbon,  oxygen,  and  nitrogen. 
Petroleum  and  natural  gas  are  compounds  of  hydrogen  with 
carbon;   coal  also  contains  considerable  combined  hydrogen. 

293.  Preparation  of  Hydrogen. — We  have  already  learned 
several  methods  by  which  free  hydrogen  can  be  obtained.  These 
may  now  be  briefly  reviewed.     Hydrogen  is  formed: 

1.  By  the  electrolysis  of  water  (27), 

2H,O>2H,-f-0a; 

2.  By  the  action  of  water  on  some  metals,  as  by  (a)  the  burn 
ing  of  magnesium  wire  in  steam  (28,  Fig.  15), 

Mg+H.O->MgO+H„ 

(ft)  the  passage  of  steam  over  heated  iron  turnings  (29,  Fig.  16), 

3Fe+4HaO->Fe304+4H„ 
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(c)  the  action  of  sodium  or  potassium  on  water  (40, 86,  Table  VI, 

106), 

2Na+  2H,O>2Na0H+Ha 

2K+2H,O>2K0H+H.; 

3.  By  the  action  of  hydrochloric  or  sulfuric  acid  on  zinc, 
magnesium,  iron,  or  aluminum,  as  well  as  on  several  other  metals, 


Zn+2HCl-»ZnCl,+H, 
Fe+HaS04-»FeS04+Ha. 


(149) 
(173) 


294.  Making  Hydrogen  in  the  Laboratory. — The  best  labora- 
tory method  of  making  hydrogen  consists  in  treating  zinc  with 
hydrochloric  acid  in  some  form  of 
specially  constructed  gas  generator. 
The  Kipp  apparatus,  Fig.  39,  is  the 
form  most    extensively   used.    The 
solution  used  is  made  from  equal 
volumes  of  concentrated  hydrochloric 
add  and  water.    The  action  of  this 
generator  is  very  simple  in  principle. 
Upon  opening  the  stopcock  gas 
escapes  and  allows  the  acid  to  rise 
into  the  middle  compartment,  where 
it  acts  upon  the  zinc  and  so  produces 
a  steady  flow  of  hydrogen.    When 
the  cock  is  closed  the  gas  formed 
forces  the   acid  downward  and  causes  it  to  flow  from   the 
lower  into  the  upper  compartment.    As  soon  as  the  acid  is  out 
of  contact  with  the  zinc  all  action  stops,  and  no  more  gas  is 
produced  until  the  cock  is  again  opened.    The  Kipp  apparatus 
has  one  imfortunate  defect:  since  there  is  but  little  circulation 
of  the  solution   the  acid   in   contact  with  the  zinc  is  soon 
exhausted,  causing  the  action  to  stop  while  there  is  still  a 
large  supply  of  almost  unchanged  acid  in  other  parts  of  the 
apparatus.     To  start  the  action  again  it  is  necessary  to  empty 
all  the  solution  and  refill  with  fresh  acid;    much  acid  is  thus 
wasted. 


Fig.  39 
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The  McCoy  apparatus,  shown  in  Fig.  40,  has  several  ad- 
vantages over  the  Kipp  apparatus.  The  lowest  compartment 
is  filled  as  full  as  possible  with  granulated  or  stick  zinc,  on  which 
hydrochloric  acid  drops  at  just  the  rate  required  to  keep  up  the 
stream  of  hydrogen  that  is  being  drawn  from  the  apparatus. 
When  the  stopcock  is  closed  the  gas  which  is  formed  from  the 
small  excess  of  acid  in  the  zinc  compartment  forces  the  acid  from 
the  middle  to  the  upper  compartment  and  thus  stops  the  further 
flow  of  acid  upon  the  zinc.  This  appa- 
ratus is  also  conveniently  used  for 
generating  other  gases. 

295.  The  Electrolysis  of  Water.— 
Compared  with  metals,  pure  water  is  a 
very  poor  conductor  of  electricity.  The 
addition  of  a  little  sulfuric  acid  increases 
the  electrical  conductivity  of  water 
enormously.  The  sulfuric  acid  so  added 
is  not  permanently  destroyed  in  the 
course  of  the  electrolysis  (27),  so  that 
very  little  will  serve  to  promote  the 
electrolysis  of  a  large  amount  of  water. 
The  exact  way  in  which  the  acid  behaves  will  be  discussed 
later.  Ordinarily,  poles  or  electrodes  of  the  elementary  metal 
platinum  are  employed,  since  most  other  metals  would  be 
attacked  chemically.  The  electrode  at  which  the  hydrogen  is 
liberated  is  called  the  negative  electrode,  or  cathode ;  the  other, 
at  which  the  oxygen  appears,  is  the  positive  electrode,  or 
anode. 

One  of  the  important  technical  methods  of  mftking  hydrogen, 
which  yields  at  the  same  time  oxygen,  consists  in  the  electrolysis 
of  water  in  which  sodium  hydroxide  is  dissolved  to  make  it  a 
good  conductor.  Here  the  cathode  is  of  iron  and  the  anode  of 
carbon.  Hydrogen  is  also  obtained  in  commercial  quantities 
as  a  by-product  in  the  manufacture  of  caustic  soda  by  the  elec- 
trolysis of  a  solution  of  common  salt. 

Hydrogen  is  often  made  for  use  in  balloons  by  the  action  of 
dilute  sulfuric  acid  on  scrap  iron. 
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396.  The  Physical  F>roperties  of  Hydrogen.^We  have  already 
learned  that  hydrogen  is  colorless ;  when  perfectly  pure  it  is  also 
odorless  aad  tasteless.  One  liter  of  the  gas  at  0°  and  76  cm,  pres- 
sure weighs  0.0899  g.;  2^<^  22.4  hters,  2  g.  approximately.  It 
i-  the  lightest  of  all  gases.  It  can  be  liquefied,  giving  a  colorless 
Uquid  which  boils  at  —253°,  or  only  20°  above  absolute  zero.  At  a 
•iimewhal  lower  temperature  the  liquid  freezes  to  a  colorless 


Hydrogen  is  but  slightly  soluble  in  water:  100  c.c.  of  water 
iisiolves  about  2  c.c.  of  the  gas  at  room  temperature. 

The  speed  of  diffusion  of  hydrogen  is  greater  than  that  of 
iny  other  gas  (191). 

J97.  The  Chemical  Properties  of  Hydrogen.^The  most 
important  chemical  properties  of  hydrogen  have  already  been 
•iiidied,  but  may  now  be  briefly  reviewed.  Hydrogen  burns  with 
in  ahnost  non-luminous  flame,  which  is,  however,  very  much 
'i'ltter  than  that  obtained  from  ordinary  fuel  or  illuminating  gas. 
Water  is  the  product  of  the  reaction.  Hydrogen  reacts  readily 
inth  hot  copper  oxide,  forming  water  and  copper: 


H,+CuC>»H,0+Cu. 


(33) 


also  acts  on  other  metallic  oxides  at  a  red  heat,  for 


4H,+  FoA->4H,0+jFo. 


(290) 


f^-drogcn  and  chlorine,  it  mixed  in  equal  volumes  and  ignited, 
ft  exposed  to  a  bright  light,  unite  with  explosive  violence,  forming 
hydrogen  chloride, 
—  H.+CI^-s-jHCI.  (343) 


jet  of  burning  hydrogen  lowered  into  a  jar  of  chlorine  con- 

Wes  to  burn  by  reason  of  the  union  of  the  two  elements  (244). 
'drogen  unites  with  bromine  to  form  hydrogen  bromide 

56)  and  with  iodine  to  form  hydrogen  iodide  (264). 

.  The  nnion  of  Hydrogen  and  Nitrogen. — A  mixture  of 
:en  and   nitrogen  does  not  react  at  all  under  ordinary 

idilions.     If  electric  sparks  are  passed   through  the  mixed 
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gases  contained  in  a  eudiometer,  Fig.  41,  a  small  amount  of 

ammonia  is  formed: 

3H,+N,-*2NHj. 

The  reaction  soon  reaches  a  state  of  equilibrium,  because  under 
the  same  conditions  ammonia  is  very  largely  decomposed  into 
its  elements.  As  the  result  of  the  reverse  reaction,  a  state  of 
equilibrium  is  reached  when  less  than  i  per  cent  of  the  ele- 
mentary gases  has  been  converted  into  ammonia.  If  the 
^      .  ammonia  is  absorbed  in  some  suitable  way, 

n     hJSJ^  '^  ^^  union  with  sulfuric  acid,  as  fast  as  it  b 
\\  formed,  then,  with  continued  sparking,  the 

formation  of  ammonia  goes  on  until  all 
the  hydrogen  and  nitrogen  have  united.  The 
practical  method  of  making  ammonia  by  this 
reaction  will  be  discussed  in  chapter  xsi. 
2Q9.  Heat  of  Reaction  and  Flame 
^^A         M  Temperature. — When  i  g.  of  hydrogen  burns, 

^■^  about  34,Goo  calories  of  beat  are  produced; 

this  is  sufficient  to  heat  540  ex.  of  water 
from  0°  to  100°.  By  reason  of  the  great 
amount  of  heat  produced,  the  flame  of  hydrogen  burning  in  air 
has  a  very  high  temperature.  When  hydrogen  burns  in  pure 
oxygen  instead  of  in  air,  the  flame  is  much  hotter,  but  not 
because  a  greater  amount  of  heat  is  produced  by  the  burning 
of  a  given  amount  of  hydrogen,  since  the  quantity  of  heal  is 
the  same  in  ilie  lico  cases.  When  hydrogen  burns  in  air,  the 
nitrogen,  which  forms  four-fifths  by  volume  of  the  air,  is 
heated  to  the  flame  temperature  along  with  the  steam  formed. 
But  in  pure  oxygen  no  nitrogen  is  present,  and  so  the  tempera- 
ture reached  by  the  flame  is  much  higher,  as  there  is  far  less 
material  to  be  heated. 

300.  The  Oxyhydrogen  Blowpipe. — Fig.  43  shows  an  oxyhy- 
drogen  blowpipe.  The  two  gases  mix  in  the  proper  proportions 
before  issuing  from  the  jet.  The  temperature  of  the  flame  is  high 
enough  to  melt  platinum,  which  cannot  be  melted  in  a  Bunsen 


flame  supplied  with  fuel  or  illuminating  gas. 


J 
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I.  The  Limelight. — A  very  bright  light  is  produced  when 
an  oxjhydrogen  ^ame  strikes  a  stick  of  quicklime,  by  reason  of 
the  bright  white  heat  to  which  the  lime  is  raised.  This  is  the 
so-called  Umelight,  which  was  very  extensively  used  before  the 
electric  arc  light  was  perfected  and  which  is  still  frequently 
used  in  rural  communities.  In  place  of  lime  other  difficultly 
fuable  white  oxides  may  be  employed.  For  this  purpose 
thorium  oxide  containing  i  per  cent  of  cerium  oxide  is  much 
superior  to  lime. 

303.  Ignition  Temperature. — A   mixture   of   hydrogen   and 
uxygen  in  their  combining  proportion  remains  unchanged  for  any 


I      ftmcn  ( 

njye.  : 

^P«leit 
111     becomi 


Ifflglh  of  time  at  room  temperature,  but  if  brought  in  contact 
iiilb  a  flame  or  electric  spark  it  explodes  violently.    The  explo- 
sion is  due  to  the  great  increase  in  volume  of  the  reaction  product, 
"earn,  caused  by  the  almost  instantaneous  reaction,  with  its 
Jllendant  heat  production.     But  we  may  inquire  why  a  reaction 
■hich  does  not  take  place  at  room  temperature  can  become  exp!o- 
Investigation  shows  that  a  mixture  of  the  two  gases  reacts 
itibly  at  450°,  and  that  the  formation  of  water  goes  on 
ler  the  higher  the  temperature,  but  that  the  mixture  does  not 
become  explosive  until  the  temperature  reaches  about  600°,     It 
is  easy  to  see  why  explosion  finally  occurs  when  the  temperature 
is  raised.     While  the  reaction  is  taking  place  slowly,  heat  is  being 
produced  by  the  chemical  change;  below  600°  the  rate  of  change 
is  so  slow  that  heat  is  lost  by  the  gas  mixture  faster  than  it  is 
luccd.    Above  600°  the  reaction  goes  faster,  so  that  heat  k 
luced  more  rapidly  than  it  is  lost,  and  this  causes  the  gas 
;ure  to  grow  hotter;  and  the  hotter  it  gets  the  faster  the 
lion  goes,  until  soon  it  proceeds  with  enormous  rapidity,  and 
constitutes  an  explosion.     For  any  combustible  substance 
is  some  temperature  to  which  it  must  be  heated  before  its 
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rate  of  production  of  heat  by  union  with  oxygen  exceeds  its  rate 
of  loss  of  heat;  if  heated  to  this  temperature  the  substance  takes 
fire  and  continues  to  bum.  This  point  is  called  the  ignition 
temperature. 

Hydrogen,  issuing  from  a  jet,  bums  quietly  in  air  when 
ignited.  This  is  because  the  actual  union  with  oxygen  can  occur 
only  as  fast  as  the  two  gases  can  reach  one  another  by  diflfusion 
(191),  one  from  the  jet,  the  other  from  the  surrounding  air. 
The  flame  is  the  reacting  gas  mixture,  which  is  raised  to  incan- 
descence by  the  great  heat  produced  by  the  tmion. 

303.  Platinum  as  a  Catalytic  Agent. — ^The  element  platinimi 
can  be  deposited  on  asbestos  as  a  thin,  spongy  coating  by  dipping 
a  bit  of  fibrous  asbestos  in  a  solution  of  platinum  chloridei 
PtCl4,  drying  the  material  and  holding  it  in  a  Bunsen  flame  for 
a  minute.    The  salt  decomposes  into  its  elements  thus: 

Pta4-»Pt+2Ch. 

If  a  jet  of  cold  hydrogen  gas  is  directed  on  the  cold  platinized 
asbestosi  the  latter  gets  red-hot  and  sets  fire  to  the  hydrogen. 
Spongy  platintmi  absorbs  gases  to  a  marked  extent.  Heat  is 
produced  in  this  way,  and  this  ignites  the  intimate  mixture  of 
hydrogen  and  oxygen  condensed  on  the  surface  of  the  metal. 
The  platinum  itself  is  entirely  unchanged  and  will  continue 
active  in  this  way  indefinitely.  A  substance  which  initiates  or 
promotes  a  chemical  reaction  without  itself  being  changed  is 
called  a  catalytic  agent  (239). 

304.  The  Use  of  Hydrogen  in  Balloons. — The  lifting  power 
of  a  balloon  filled  with  hydrogen  can  easily  be  calculated.  Since 
I  Uter  of  air  imder  standard  conditions  weighs  i.29g.  and 
I  liter  of  hydrogen  weighs  0.09  g.,  the  difference,  i .  2  g.,  repre- 
sents the  lifting  power  per  liter  of  capacity  of  a  balloon.  At 
higher  temperature  and  lower  pressure  the  lifting  power  is 
smaller.  K  a  Zeppelin  has  a  capacity  of  5,000,000  liters  its 
lifting  power  will  be  about  6,000  kilos,  or  more  than  13,000 
pounds. 

305.  Oxygen. — Oxygen  in  the  form  of  compoimds  makes  up 
about  one-half  by  weight  of  the  matter  forming  the  crust  of  the 
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KCh.  It  also  constitutes  89  per  cent  by  weight  of  water  and 
Wai  per  cent  by  volume  of  the  air.  The  oxygen  of  the  air  is  not 
l>^emically  combined  but  is  only  mixed  with  nitrogen  and  small 
■  iinounts  of  other  gases  present.  Oxjgen  was  first  prepared  by 
vMestley,  in  England  (1774),  by  heating  mercuric  oxide, 

aHg0^2Hg+0.. 

At  practically  the  same  time  Scheele,  in  Sweden,  made  oxygen 
by  this  method  and  also  by  beating  potassium  nitrate, 

2KNOj^2KNO,+0,. 

The  salt  KNOj  is  called  potassium  nitrite.  The  name  oxygen, 
which  means  acid-former,  was  given  to  the  gas  by  Lavoisier,  who 
believed  that  it  was  a  necessary  constituent  of  all  acids,  At 
that  lirtte  hydrochloric  acid,  which  was  caUed  muriatic  or  marine 
tdd,  was  thought  to  contain  oxygen.  We  now  know  many 
wlher  acids  which  do  not  contain  oxygen. 

306.  The  Preparation  of  Oxygen. — We  have  already  learned 
several  ways  by  which  oxj'gcn  may  be  made.     The  heating  of 
ic  oxide  and  the  electrolysis  of  water  {14, 21)5)  have  already 
illy  studied.     We  have  also  seen  {245}  that  oxygen  is 
1  when  chlorine  water  is  exposed  to  sunlight: 

2Ch+2H,0-*0,-(-4HCl. 

[  The  heating  of  certain  salts  which  are  rich  in  oxygen  is  also 
;  way  of  making  the  gas.  The  behavior  of  potassium 
late,  KNOj,  is  given  in  the  preceding  paragraph.  Potassium 
I  KClOj,  is  easily  decomposed  by  heat  according  to  the 
ing  equation : 

2KC10i->jKCl+30,. 

t  reaction  is  the  one  usually  employed  in  making  small 

ints  of  oxygen  in  the  laboratory.    It  can  be  carried  out  in 

!t  tube,  a  small  flask,  or  a  retort.     The  crystals  of  potassium 

e  first  melt,  and  at  a  little  higher  temperature  the  liquid 

IS  to  boil,  by  reason  of  the  oxygen  given  off. 
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The  change  of  the  chlorate,  KCIO3,  into  chloride,  KCl,  does 
not  take  place  completely  in  one  step.  The  first  stage  of  the 
reaction  is  probably  represented  by  the  equation, 

ioKC10,-»4KCl+6KC104+30,. 

The  salt  KCIO4,  called  potassium  perchloratei  can  also  be  decom- 
posed by  heat,  thus: 

KC104-»KCl+20a. 

This  last  reaction  requires  a  higher  temperature  than  the  first. 
If  the  heating  of  the  chlorate  is  stopped  when  about  one-fifth  of 
its  total  oxygen  has  been  given  off,  KCIO4  will  be  found  in  the 
residue. 

In  making  oxygen  from  potassium  chlorate  two  precautions 
should  be  observed:  first,  the  material  must  be  entirely  free  from 
bits  of  wood,  paper,  etc,,  which  are  easily  combustible;  and,  sec- 
ondly, the  heating  must  be  gentle,  as  otherwise  the  decomposition 
may  occur  explosively. 

When  powdered  potassium  chlorate  is  mixed  with  about  half 
its  weight  of  manganese  dioxide,  MnO,,  it  will  give  off  its 
oxygen  rapidly  at  a  temperature  far  below  that  at  which  the 
pure  chlorate  starts  to  decompose.  Since  manganese  dioxide 
alone  does  not  give  off  any  of  its  oxygen  until  a  rather  high 
temperature  is  reached,  and  is  not  changed  itself  in  promoting 
the  decomposition  of  the  potassium  chlorate,  we  must  consider 
that  the  former  substance  acts  only  as  a  catalytic  agent  in  pro- 
moting the  decomposition  of  potassium  chlorate. 

307.  Oxygen  from  Sodium  Peroxide. — Sodium  peroxide, 
Na^Oa,  is  a  solid  made  by  burning  njetallic  sodium, 

2Na+0,->NaaOa. 

The  trade  name  of  the  material  is  oxone ;  it  is  supplied  in  the 
form  of  lumps  or  sticks.    Water  acts  on  it  as  follows: 

2Na,0.+  2H,C)->4NaOH+Oa. 

By  dropping  water  on  lumps  of  oxone  contained  in  a  suitable 
apparatus  (236,  Fig.  30)  a  steady  stream  of  oxygen  is  obtained. 
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The  method  is  rather  expensive,  but  it  is  very  convenient,  since 
ihe  action  stops  when  the  supply  of  water  is  turned  off  and  can 
be  started  again  at  will, 

308.  Oxygen  from  Other  Oxides.— Lead  dioxide,  PbO„  when 
struogly  heated  gives  oxygen  and  lead  monoxide,  or  litharge, 
PbO: 

3pb0^2pbO+0,. 

Manganese  dioxide  is  also  decomposed  at  a  high  temperature, 
3MnO,-^Mn30.+0,. 

309.  Technical  Methods  of  Making  Oxygen. — The  elec- 
trolysis of  water  is  an  important  technical  method  of  making 
uJij'gen.  It  also  yields  hydrogen  and  has  already  been  described. 
By  far  the  larger  part  of  the  oxygen  of  commerce  is  made  from 
liquid  air.  This  substance  is  a  mixture  of  liquid  oxygen  and 
liquid  nitrogen.  The  latter  boils  about  11"  lower  than  the 
former,  which  boils  at  —183°.  Therefore  nitrogen  distils  off 
first  when  hquid  air  is  allowed  to  evaporate,  leaving  nearly  pure 
ox>"gen.    This  is  stored  under  pressure  in  steel  tanks  and  brought 

,  on  the  market. 

.  Brin's  Process. — Erin's  process,  formerly  used  tech- 
tally,  is  a.method  of  obtaining  oxygen  from  the  air  by  means  of 
1  oxide,  BaO.  This  oxide  unites  with  more  oxygen  at  a 
d  heat,  forming  barium  peroxide : 

2BaO-|-0,^2BaO,. 
I  reversible  reaction,  which  at  a  constant  temperature 
II  go  in  one  direction  or  the  other  with  change  of  pressure. 
In  practice,  air  is  pumjied  under  pressure  into  a  vessel  contain- 
)  at  700°,  and  when  all  the  oxide  has  been  changed  into 
,  the  nitrogen  present  is  allowed  to  escape.  By  reducing 
le  pressure  with  a  vacuum  pump  the  BaOj  is  caused  to  decom- 
*  completely,  yielding  nearly  pure  oxygen- 
it.  Oxygen  from  Plants, — Growing  plants  absorb  carbon 
ide  from  the  air.  They  also  take  up  water  through  their 
i.  In  some  manner,  not  fully  understood,  carbon  dioxide 
:.  react  under  the  influence  of  sunlight  to  form  such 
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principal  plant  constituents  as  starchi  cellulose,  and  sugar, 
together  with  oxygen,  which  is  given  off  to  the  air.  The  per- 
centage of  oxygen  in  the  air  would  soon  decrease  if  it  were  not 
maintamed  by  growmg  plants. 

312.  The  Physical  Properties  of  Oxygen. — It  is,  of  course, 
obvious  that  oxygen  is  colorless,  odorless,  and  tasteless.  One 
liter  weighs  1.429  g.  and  22.4  liters  about  32  g.,  corresponding 
to  the  formula  O^.  Liquid  oxygen  is  pale  blue  in  color;  it 
boils  at  — 183^  At  o®,  100  c.c.  of  water  dissolves  about  5  c.c. 
of  oxygen;  at  20®,  about  3  c.c.  (125). 

313.  The  Chemical  Properties  of  Oxygen. — ^We  have  already 
learned  that  combustion  was  first  explained  by  Lavoisier  in 
1774  as  due  to  union  of  the  burning  substance  with  the  oxygen 
of  the  air  (13-15).  All  the  elements  so  far  studied,  except 
fluorine,  form  oxides.  This  does  not  mean  that  all  these  ele- 
ments burn,  sincfe  some  oxides,  like  those  of  chlorine  and  silver, 
can  only  be  made  indirectly  (172).  The  oxides  of  metallic 
elements,  by  union  with  water,  form  hydroxides  which  are 
bases,  for  example: 

CaO+HaO->Ca(OH)a. 

The  oxides  of  non-metallic  elements,  including  carbon,  sulfur, 
nitrogen,  phosphorus,  and  the  halogens  (except  flourine),  give, 
with  water,  acids.  The  following  equations  will  serve  as  illus- 
trations of  such  reactions,  some  of  which  have  already  been 
studied;  the  others  will  be  studied  later. 

COa+HaO->H2C03,  carbonic  acid, 

S03+H20->HaS04,  sulfuric  acid, 
NaOs+HaO->2HN03,  nitric  acid, 
PaOs+3H20->2H3P04,  phosphoric  acid, 

IA+HaO->2HI03,  iodic  acid. 

An  oxide  which  by  union  with  water  forms  an  acid  is  often 
called  the  anhydride  of  the  acid. 

314.  Respiration. — ^Animals  breathe  air  in  order  to  obtain 
oxygen.  The  blood  contains  a  complex  substance,  haemo- 
globin, which  forms  with  oxygen  a  compound,  oxyhaemoglobin, 
which  easily  decomposes  reversibly  into  oxygen  and  haemo- 
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globin.  This  Is  a  typical  equilibrium  reaction:  when  oxygen, 
at  the  pressure  at  which  it  exists  in  the  air,  comes  in  contact  with 
ihe  blood  in  the  lungs  the  compound  is  formed,  i  g.  of  haemo- 
glubin  uniting  with  1.3  c.c.  of  oxygen;  when  the  blood  reaches 
Ihe  ttssueSf  which  talce  up  oxygen,  the  compound  decomposes 
ami  the  haemoglobin  is  carried  by  the  blood  bacit  to  the  lungs, 
wbere  it  again  takes  up  fresh  oxygen  from  the  air. 

315,  Uses  of  Oxygen.  The  Oxyacetylene  Torch. — ^The  use 
of  (Hygen  in  the  oxyhydrogen  blowpipe  has  aheady  been  men- 
tioned. By  substituting  acetylene  for  hydrogen  in  a  bloivpipe 
similarly  constructed  we  get  the  oxyacetylene  torch,  which 
|i\ts  an  intensely  hot  flame.  It  is  extensively  used  for  welding 
vti  for  cutting  iron  and  steel. 

Oxj'gen  is  used  in  several  analytical  processes,  such  as  those 
studied  in  chapter  iv. 

Deposits  of  carbon  in  the  cylinders  of  gasoline  engines  are 
often  removed  by  burning  out  with  oxygen.  Since  iron  burns 
also  rather  readily  in  a  stream  of  oxygen,  care  must  be  taken  to 
avoid  injuring  the  cylinder  in  this  way. 

316.  Ozone. — ^When  a  silent  electric  discharge  passes  through 
oxygen  a  very  remarkable  change  is  produced ;  there  is  a  decrease 
in  volume,  and  a  gas  having  a  powerful  irritating  odor  is  pro- 
duced.   The  new  gas  is  ozone.     The  simplest  form  of  apparatus 


d  for  making  ozone  is  shown  in  Fig.  43.  It  is  a  double-walled 
is  tube  having  the  outside  of  the  outer  tube  and  the  inside  of 
t  inner  tube  coated  with  tin  foil.  These  coatings  are  con- 
iBCted  by  wires  to  the  terminals  of  an  induction  coil.  When  the 
Dissct  in  action  and  a  slow  stream  of  oxygen  is  passed  through 
It  ^Hlce  between  the  outer  and  the  inner  tubes,  the  issuing  gas 
1  to  contain  ozone.     The  peculiar  odor  of  the  air  in  the 
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neighborhood  of  powerful  electrical  machinery  is  due  to  ozone. 
Ozone  is  very  much  more  active  as  an  ozidiziiig  agent  than 
oxygen.  Mercury  shaken  with  ozone  is  very  quickly  oxidized. 
Ozone  also  sets  iodine  free  from  a  solution  of  an  iodide. 

If  nothing  but  oxygen  is  needed  to  produce  ozone — ^and  such 
is  actually  the  case — ^what  then  is  the  cause  of  the  remarkable 
change  in  properties?  In  the  first  place  it  was  noticed  that  a 
decrease  in  volume  occurs  when  ozone  is  formed  from  oxygen. 
On  the  other  hand,  when  ozone  is  changed  to  oxygen,  as  may  be 
done  by  heating  the  former,  the  volume  of  the  oxygen,  when  it 
is  again  cooled  to  the  original  temperature,  is  greater  than  that 
of  the  ozone.  In  fact,  three  volumes  of  oxygen  give  exactly  two 
of  ozone  and  vice  versa.  The  density  of  ozone  is  one-half 
greater  than  that  of  oxygen.  While  22.4  liters  of  oxygen  weigh 
32  g.,  the  same  volume  of  ozone  weighs  48  g.  Ozone  is  oxygen 
in  another  form.  If  for  oxygen  we  write  the  formula  O,,  we  must 
write  O3  as  the  formula  of  ozone.  The  molecules  of  ozone 
differ  from  those  of  oxygen  by  containing  three  instead  of  two 
atoms.  We  may  write  the  reversible  equation  for  the  relation 
between  oxygen  and  ozone  thus: 

When  ozone  acts  on  mercury,  for  example,  the  action  is  as  follows: 

Hg+03^HgO+Oa. 

Only  one-third  of  the  oxygen  of  ozone  is  active^  the  balance  changing 
into  ordinary  oxygen.    Iodides  are  oxidized  by  ozone,  thus: 

2KI+03+H.O±^2KOH+I,+0,. 

The  liberated  iodine  may  be  recognized  by  its  action  on  starch. 
Minute  amounts  of  ozone  may  be  recognized  in  this  way, 
although  the  test  is  not  conclusive  proof  of  the  presence  of  ozone, 
since  many  other  substances  also  set  iodine  free  from  iodides. 

317.  Ozone  as  a  Germicide. — Since  ozone  is  a  very  powerful 
ozidizing  agent,  it  is  not  surprising  that  it  should  readily  destroy 
germs.  It  has  been  found  that  impure  water  containing  even 
1,000,000  bacteria  per  c.c.  is  completely  sterilized  by  intimate 
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contact  with  an  equal  volume  of  air  containing  a  g,  of  ozone 
pff  cubic  meter.  In  a  number  of  important  cities  of  Europe  the 
entire  municipal  water  supply  is  purified  by  means  of  ozone. 
Disinfection  by  chlorine  is  more  popular. 

318.  Hydrogen  Peroxide,  H,Oj  — The  well-known  household 
imiseptic  and  disinfectant,  hydrogen  peroridp,  H^O,,  is  a  3  per 
cent  solution  of  this  substance  in  water.  Some  hydrogen 
piroride  is  formed  by  the  action  of  sodium  peroxide  on  ice 
«aler,  thus: 

Na.O,+  2H,0^  H.0,+  iNaOH. 

If  water  is  dropped  on  sodium  peroxide  the  material  becomes 
very  hot,  and  oxygen  and  water  instead  of  hydrogen  peroxide 
lie  formed  (307).     This  is  because  the  latter  substance  easily 
decomposes  if  hot,  especially  in  the  presence  of  caustic  soda: 
iHA^jH,0+0,. 

319.  Preparation  of  Hydrogen  Peroxide. — Barium  peroxide, 

BaO„  the  formation  of  which  was  discussed  in  connection  with 
Brin's  process  of  making  oxygen  (310),  reacts  with  dilute  sulfuric 
add  to  form  hydrogen  peroxide  and  barium  sulfate: 
BaO,+H,SO,^  H.O,-|-BaSO,. 

Since  barium  sulfate  is  insoluble  in  water  a  very  pure  solu- 
■jon  of  hydrogen  peroxide  is  easily  obtained.  The  reaction  is 
"••t  carried  out  by  adding  finely  powdered  barium  peroxide, 
i'lspended  in  water,  very  gradually  to  ice-cold,  diluted  sul- 
furic acid.  The  precipitate  of  barium  sulfate  is  allowed  to 
settle,  leaving  a  clear  solution  of  hydrogen  peroxide.  This 
sohition  must  be  made  as  nearly  neutral  as  possible,  other- 
wise it  will  decompose  more  or  less  rapidly  into  oxygen  and 
*iler. 

By  cautious  evaporation,  at  a  moderate  temperature  in  a 
pmial  vacuum,  a  dilute  solution  of  hydrogen  peroxide  may  be 
irptd  from  most  of  its  water;  the  resulting  concentrated  solution 
*hea  cfwied  to  — 10'  deposits  crystals  of  H,Oj, 

iao.  Properties  of  Hydrogen  Peroxide. — At  ordinary  tem- 
Ixnuires  pure  hydrogen  peroxide  is  a  colorless  liquid  which  will 
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mix  with  water  in  all  proportions.  It  freezes  at  —2°.  It  does 
not  boil  without  decomposition,  and  when  strongly  heated  it  is 
liable  to  explode,  water  and  oxygen  being  the  products.  The 
speed  of  decomposition  of  hydrogen  peroxide  at  ordinary 
temperatures  is  greatly  influenced  by  the  presence  of  other  sub- 
stances which  act  as  catalytic  agents.  Finely  divided  metals 
like  platinum  and  gold  cause  hydrogen  peroxide  to  decompose 
rapidly.  Manganese  dioxide  behaves  similarly.  In  these  reac- 
tions neither  the  metals  nor  the  manganese  dioxide  are  changed. 
They  are  catalytic  agents  (303). 

Hydrogen  peroxide  seems  to  have  the  property  of  an  acid, 
since  it  combines  with  some  bases  to  form  compounds  which 
may  be  considered  salts.  For  example,  with  barium  hydroxide, 
Ba(OH)„  it  reacts  thus: 

H,0.+BaCOH),+6H,O^BaO,-8H,0. 

The  product  consists  of  white  crystals,  rather  difficultly  soluble 
in  water. 

Hydrogen  peroxide  is  often  used  as  a  bleaching  agent  for 
plant  and  animal  substances,  such  as  hair,  feathers,  silk,  ivoiy, 
and  straw. 

The  most  characteristic  property  of  hydrogen  peroxide  is  its 
great  tendency  to  give  up  oxygen  and  thus  to  act  on  substances 
capable  of  reacting  with  oxygen.  For  example,  with  hydriodic 
acid  it  gives  iodine  and  water; 

HA+jHI^I,-|-aH,0. 

The  free  iodine  can  easily  be  recognized  by  the  blue  color  which 
it  gives  with  a  starch  solution.  Instead  of  using  hydriodic 
acid  we  may  use  a  solution  of  potassium  or  sodium  iodide  to 
which  hydrochloric  acid  has  been  added,  since  the  solution  will 
then  contain  some  hydriodic  acid  formed  as  follows; 

KI-l-HClfeKCl-l-HI. 

321.  Detection  of  Hydrogen  Peroxide.— A  very  delicate 
reaction  which  serves  to  detect  small  quantities  of  hydrogen 
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peroxide  is  that  which  occurs  when  a  solution  of  this  substance 
ismiied  with  a  littJe  sulfuric  add  and  a  very  dilute  solution  of 
potassium  dichiomate,  KjCrjO,.  The  latter  substance  contains 
ihe  element  chromium,  Cr,  as  one  of  its  constituents.  The 
solution  turns  blue,  and  when  a  little  ether  is  added  and  shaken 
up  with  the  blue  solution  the  ether  dissolves  the  blue  substance. 
U  the  mixture  is  aUowed  to  stand  a  minute  or  two  the  blue  ether 
solution  separates  from  the  water  solution,  on  which  it  Boats  as  a 
I     Mae  layer. 

^L    Other  reactions  of  hydrogen  peroxide  are  discussed  in  the 
^■Sowing  chapter  (347,  348). 

■^  32J.  Peroxides  and  Dioxides.— We  have  just  learned  that 
hydrogen  peroxide  is  formed  by  the  action  of  dilute  acids  on 
N'a,0,  and  BaOi,  and  we  might  therefore  be  inclined  to  expect 
ihat  we  should  also  get  HiOj  by  the  action  of  acids  on  PbO,  and 
MqO,.  But  this  is  not  the  case;  no  H,0,  can  be  obtained  in 
any  way  from  these  last-mentioned  oxides.  For  this  reason 
these  oxides  of  lead  and  manganese  are  called  dioxides  to  dis- 
tinguish them  as  a  class  from  those  which  yield  H,Oj  and  which 
are  called  peroxides,  Thus  we  call  BaOj  barium  peroxide  and 
0,  lead  dioxide. 

I  313.  Graphic  Formulae. — We  have  so  far  considered  that 

Kygen  has  a  valence  (183)  of  two,  or  is  bivalent,  since  in  water 

os\Tnbo!  weights  of  hydrogen  are  united  with  one  of  oxygen, 

|ut  what  then  is  the  valence  of  oxygen  in  H,0,?     In  order  to  be 

e  to  answer  this  question,  we  must  consider  the  matter  of 

e  from  the  standpoint  of  the  atomic -molecular  hypothesis. 

Wt  have  learned  (221)  that  the  molecule  of  water  is  made  up 

T  two  atoms  of  hydrogen  and  one  of  oxygen.    Since  all  the 

ilecules  of  water  are  made  up  in  Just  this  fashion,  it  would  seem 

•  follow  that  the  three  atoms  must  be  related  to  one  another 

"in  some  very  delinite  way.    We  may  think  of  them  as  being 

joined  to  one  another,  in  which  case  there  are  the  two  possibilities 

indicated  by  the  following  graphic  formulae  in  which  the  lines 

g  the  symbols  are  called  bonds. 


(i)  H-H-0 


(2)  H-O-H. 
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The  first  graphic  formula  indicates  that  one  of  the  hydrogen 
atoms  is  attached  on  the  one  hand  to  the  atom  of  oxygen  and 
on  the  other  to  the  second  atom  of  hydrogen.  Formula  (2)  indi- 
cates that  it  is  the  oxygen  atom  which  is  attached  on  either  hand 
to  an  atom  hydrogen.  It  is  obvious  that  the  second  formula 
is  the  more  consistent,  since  in  it  both  atoms  of  hydrogen  are 
attached  by  single  bonds  to  the  atom  of  oxygen  which  holds  an 
atom  of  hydrogen  by  each  of  its  two  bonds.  In  formula  (i)  the 
middle  hydrogen  atom  is  represented  as  having  two  bonds,  while 
the  other  hydrogen  atom  and  also  the  atom  of  oxygen  are  shown 
as  having  but  one  bond  each.  Since  we  think  of  all  atoms  of 
hydrogen  as  being  alike,  we  must  reject  the  first  formula  in  favor 
of  the  second. 

When  viewed  in  the  above-mentioned  manner  the  valence  of 
an  element  is  seen  to  be  the  holding  capacity  of  its  atoms  for  atoms 
of  hydrogen  or  other  univalent  elements  like  chlorine.  We  may 
therefore  think  of  an  atom  of  oxygen  which  is  bivalent  as  having 
two  valence  bonds,  each  of  which  can  hold  one  atom  of  a  univalent 
element. 

324.  The  Graphic  Formtilae  of  Peroxides. — We  are  now 
prepared  to  consider  the  question  of  the  valence  of  oxygen  in 
HaOa  and  the  graphic  formula  of  this  substance.  At  the  outset 
it  may  be  stated  that  the  valence  of  hydrogen  is  considered  by 
chemists  to  be  invariably  one.  If  the  valence  of  oxygen  is  taken 
to  be  two,  there  is  but  one  possible  graphic  formula,  namely: 

H-O-O-H. 

This  is  the  commonly  accepted  formula.  For  sodium  peroxide 
we  then  have  the  formula, 


Na-O-O-Na, 


and  for  barium  peroxide, 


B<i 
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In  their  dioxides,  manganese  and  lead  have  without  doubt 
a  valence  of  four,  or  are  tetravalent,  and  oxygen  is,  as  usual, 
bivalent.    We  therefore  write  for  these  oxides  the  formulae 

0==Mn«=0  and  0=Pb=0, 

thereby  indicating  that  each  oxygen  atom  is  attached  to  an 
atom  of  manganese  or  lead  by  two  bonds,  or  in  other  words  by  a 
double  bond. 

The  monoxides  of  manganese,  MnO,  and  lead,  PbO,  have 
their  atoms  doubly  bound,  thus: 

Mn=OandPb=0. 
In  these  oxides  both  metals  are  bivalent. 


CHAPTER  XV 

OXIDATION  AND  REDUCTION 

325.  Oxidation. — ^When  a  substance  unites  with  oxygen  it 
is  said  to  be  oxidized.  Hydrogen  when  burned  is  oxidized,  giv- 
ing water.  Metals  are  said  to  be  oxidized  when  they  combine 
with  oxygen;  for  example, 

2Cu+Oa-^2CuO. 

By  certain  indirect  methods  a  lower  oxide  of  copper,  cuprous 
oxide,  CuaO,  can  be  made.  This  oxide  can  unite  with  more 
oxygen  if  heated  in  air  or  in  oxygen  and  form  the  common  oxide, 
CuO,  which  is  known  also  as  cupric  oxide,  in  order  to  distinguish 
it  from  the  lower  oxide: 

2CUaO+Oa-^4CuO. 

We  say  in  this  case  that  cuprous  oxide  has  been  oxidized  to  cupric 
oxide. 

The  action  of  oxygen  gas  on  hydrogen  chloride  at  a  high 
temperature  (239)  proceeds  according  the  equation 

4HCl+Oa-^2Cla+2HaO, 

and  in  consequence  we  say  that  the  hydrogen  chloride  has  been 
oxidized. 

326.  Oxidizing  Agents. — ^Very  often  substances  may  be 
oxidized  by  compounds  of  oxygen  as  well  as  by  oxygen  itself. 
For  example,  heated  copper  oxide,  CuO,  oxidizes  hydrogen  and 
all  its  compounds,  such  as  ammonia,  acetylene,  etc.  We  say, 
therefore,  that  copper  oxide  is  an  oxidizing  agent.  Any  sub- 
stance which  oxidizes  another  is  called  an  oxidizing  agent.  Lead 
dioxide  and  manganese  dioxide  are  powerful  oxidizing  agents, 
as  shown  by  the  fact  that  each  is  able  to  oxidize  hydrochloric 

acid, 

MnO,+4HCl-^MnCla+ CU+  2H,0.  (234) 
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Potassium  pennsnganate,  K.MnO,,  which  also  easily  on- 
ii/^  hydrochloric  acid,  is  one  of  the  most  powerfu]  of  all  oxidiz- 
tes  agents.     It  acts  according  to  the  equation 

jKMn04+i6HCl-»2KCl-f-2MnCl.+  5Ch+8H,0.        (335) 

Nitric  acid  and  its  salts  (104),  the  nitrates,  are  good  oxidiz- 
ii?  agents.  Gunpowder  is  a  mixture  of  finely  powdered  potas- 
aim  nitrate,  charcoal,  and  sulfur.  The  explosion  of  gunpowder 
■--ilue  to  the  extremely  rapid  oxidation  of  the  charcoal  (carbon) 
iffij  sulfur  to  carbon  dioxide,  COj,  and  sulfur  dioxide,  SO,,  the 
'xygeo  being  furnished  by  the  potassium  nitrate,  KNOj.  The 
iiihcr  pnxlucts  of  the  explosion  are  nitrogen  and  potassium  sul- 

Potassium  chlorate,  KCIO,,  is  a  powerful  oxidizing  agent, 

readily  giving  up  all  its  oxygen  to  oxidizable  substances  and 
leanng  the  chloride,  KCl. 

Sulfuric  acid  (93)  is  capable  of  oxidizing  some  substances; 

sulfuric  acid  acts  on  charcoal  thus: 


I 

^u  is  probable  that  each  molecule  of  sulfuric  acid  first  loses  one 

atom  of  oxygen  giving  a  molecule  of  sulfurous  acid,  H.SOj,  and 

I     that  this  substance,  which  is  unstable,  then  decomposes  into 

^■Hfur  dioxide  and  water: 

Hdized 


2H,S04+C-^CO.+2SO,+  aH,0. 


H,SOj^SO,+H,0. 


(i8( 


1^7.  Reduction  and  Reducing  Agents. — When  hydrogen  is 
1  by  hot  copper  oxide,  thus: 

CuO+H,-^Cu+H.O, 


:  .r  copper  oxide  is  said  to  be  reduced  to  metallic  copper.  In 
•nscqaence  we  call  hydrogen  a  reducing  agent.    Any  substance, 

!^  for  example,  acetylene  or  methane,  which  can  reduce  copper 
li'le  is  also  called  a  reducing  agent.    In  any  reaction,  if  one 

■  j!islanoe  is  oxidized  the  oxidizing  agent  is  by  necessity  reduced; 

uiiatum  and  reduction  always  go  on  together.    AU  substances 

■tach  are  acted  upon  by  oxidizing  agents  are,  of  course,  redu- 
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328.  Carbon  as  a  Reducing  Agent. — Since  charcoal,  which 
is  nearly  pure  carbon,  bums  readily,  it  is  capable  of  taking  up 
oxygen  from  oxidizing  agents  and  is  therefore  a  good  reducing 
agent.  A  mixture  of  powdered  copper  oxide  and  charcoal  reacts 
vigorously,  if  strongly  heated,  giving  copper  and  carbon  dioxide: 

2CuO+C-^2Cu+COa. 

In  this  reaction  the  copper  oxide  is  the  oxidizing  agent  and  the 
charcoal  (carbon)  the  reducing  agent. 

Many  other  metallic  oxides  can  be  reduced  in  a  similar  man- 
ner by  carbon.  In  place  of  charcoal,  coke  or  coal,  which  ar^ 
largely  carbon,  may  be  used.  Thus  ferric  oxide,  FeaOj,  which, 
in  the  form  of  the  mineral  hematite  is  the  most  important  ore 
of  iron,  is  reduced  by  coke  at  a  white  heat  to  metallic  iron.  The 
result  may  be  represented  by  the  equation 

2FeaO,+3C-^4Fe+3C03, 

although  it  is  very  probable  that  the  reaction  is  less  simple  under 
the  conditions  actually  met  with  in  practice. 

329.  Carbon  Monoxide  as  a  Reducing  Agent. — ^When  carbon 
is  burned  in  a  deficient  supply  of  air,  carbon  monoxide,  CO,  is 
formed  instead  of  dioxide: 

2C+Oa-^2CO. 

This  is  a  colorless,  odorless,  and  very  poisonous  gas  which  will 
bum  with  a  nearly  non-luminous  flame  to  form  carbon  dioxide, 

2C0+0a-^2C0a. 

Some  oxidising  agents  are  able  to  oxidize  carbon  only  to 
monoxide  and  not  to  dioxide.    Zinc  oxide  behaves  in  this  way: 

ZnO+C^Zn+CO. 

This  is  the  reaction  by  which  zinc  is  made  from  its  ores.    The 

reaction  between  ferric  oxide  and  carbon  can  also  give  carbon 

monoxide) 

Fea03+3C-^2Fe+3CO. 

But  carbon  monoxide  can  also  reduce  ferric  oxide: 

Fea03+3CO->2Fe+3COa. 
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The  last  two  equations  doubtless  represent  the  steps  by  which 
feme  oxide  and  carboa  react  to  give  iron  and  carbon  dioxide 
(irf). 

330.  Aluminum  as  a  Reducing  Agent— Metallic  aluminum 
unites  vigorously  with  oxygen  at  a  white  heat,  although  it  has 
no  tendency  to  oxidize  in  the  air  at  ordinary  temperatures.  The 
burning  of  aluminum  occurs  thus: 

4Al+30r*iA1.0j. 

.  mixture  of  powdered  aluminum  and  ferric  oxide  is 
Wngly  heated  a  very  violent  reaction  takes  place,  giving  iron 
id  aluminum  oxide: 

2Al+Fe,0,-*^FeH-AIA- 

I  The  mixture  of  aluminum  and  ferric  oxide  has  been  given  the 
'  trade  name  of  thermite  by  its  inventor,  Goldschmidt,  who  uses 
it  to  make  small  quantities  of  molten  iron  for  the  repair  of  broken 
iron  castings,  etc. 

Many  other  metallic  oxides  can  also  be  reduced  by  aluminum. 
131.  Oxidation  Considered  as  a  Change  of  Valence.^We 
e  already  learned  (173)  that  iron  forms  two  series  of  cont- 
ends, ferrous  and  ferric,  as  illustrated  by  the  following  formulae; 


FeO 

Fe(OH), 

FeCI, 

FeBr. 

Fe(NO,). 

FeSO, 


*  Valence  of  iron  is  two  in  ferrous  compounds  and  three  in 

According  to  this  usage  of  the  term  valence  we  should 

:ed  to  say  that  the  valence  of  free  or  uncombined  iron  is 


Fe,0, 

Fe(OH), 

FeCl, 

FeBr,  ' 

Fe(NOj), 

Fe,(SO,), 


If  free  11 


into  ferrous  oxide, 
2Fe+0,->iFeO, 
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it  is  oxidized,  and  its  valence  is  increased  from  zero  to  two. 
Moreover,  if  ferrous  oxide  is  changed  into  ferric  oxide, 

4FeO+Oa-^2Fea03, 

it  is  also  plain  that  the  iron  is  further  oxidized,  and  that  its 
valence  has  increased  from  two  to  three.  It  is  customary  to 
say  that  ferric  oxide  is  a  higher  oxide  of  iron  than  ferrous  oxide; 
or  that  iron  in  ferric  oxide  is  in  a  higher  state  of  oxidation  than 
in  ferrous  oxide. 

In  the  case  of  iron  and  its  oxides  we  see  that  the  oxidation  oj 
iron  and  the  increase  in  its  valence  go  hand  in  hand. 

With  respect  to  other  elements  that  unite  with  oxygen  we 
also  find  that  their  oxidation  results  in  an  increase  in  their 
valence.  A  few  additional  examples  will  help  to  illustrate  this 
point.  In  the  change  of  copper  into  cuprous  oxide,  CujO  (325), 
the  oxidation  of  the  copper  is  accompanied  by  an  increase  cf  its 
valence  from  zero  to  one.  In  cuprous  oxide  copper  is  imivalent 
(146).    In  the  oxidation  of  cuprous  oxide  to  cupric  oxide, 

2CuaO+0,-^4CuO,  (325) 

the  valence  of  copper  is  increased  from  one  to  two.  In  cupric 
oxide  copper  is  bivalent  (146). 

When  carbon  is  oxidized  to  carbon  monoxide, 

2C+Oa-^2CO,  (329) 

the  valence  of  carbon  is  increased  from  zero  to  two  (carbon  is 
bivalent  in  carbon  monoxide).  In  the  oxidation  of  carbon 
monoxide  to  carbon  dioxide, 

2CO+Oa-^2CO„  (329) 

the  valence  of  carbon  is  increased  to  four,  carbon  becoming 
quadrivalent. 

332.  A  Broader  Meaning  of  the  Term  Oxidation. — Since  in 
the  change  of  any  ferrous  compound  into  the  corresponding 
ferric  compoimd  (173,  331)  the  valence  of  iron  always  increases 
from  two  to  three,  all  such  changes  may  well  be  considered  to 
be  of  the  same  class.    It  has  become  the  custom  among  chemists 
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to  call  such  increase  of  valence  of  iron  an  oxidation  of  the  iron 
irrespective  of  the  nature  of  the  element  or  radical  combined 
with  the  iron.    Thus  in  the  reaction 

2FeCl.+  Cl.->2FeClj, 

reby  ferrous  cfeloride  is  changed  to  ferric  chloride,  we  say 
hat  the  iron  has  been  oxidized.  The  only  question  that  should 
Bttise  here  is;  Why  call  this  increase  in  valence  of  iron  an  oxida- 
1  m  cases  where  no  oxygen  is  involved?  We  can  only  say 
tibat  it  is  a  custom  sanctioned  by  long  and  universal  usage. 

By  way  of  further  illustration  of  the  use  of  the  term  oxida- 

F  lion  in  its  broader  sense  we  may  cite  the  foUowing  examples. 

Ulien  metallic  sodium  is  changed  into  chloride,  NaCl,  or  nitrate, 

N'aXOj,  its  valence  is  increased  from  zero  to  one,  and  we  say 

ihat  the  sodium  has  been  oxidized.    When  zinc  is  changed  into 

ODde.ZnO;  sulfate,  ZnSO,;  chloride,  ZnCL;  or  nitrate,  Zn(NOi), 

(148),  we  say  that  the  zinc  has  undergone  oxidation;  andfurther- 

^JBOTE,  since  in  all  these  compounds  zinc  is  bivalent,  we  say  that 

^Klc  in  all  these  compounds  is  in  the  same  state  or  stage  of  oxida- 

^Hni.    In  fact,  zinc  in  its  compounds  is  always  bivalent. 

^^    333.  Review  of  Other  Elements  with  Variable  Valence. — 

Iron  is  not  the  only  element  having  a  variable  valence.     We 

bai-e  already  seen  (179,  180)  that  mercury  also  forms  two  series 

of  compounds,  the  mercurous,  in  which  the  element  has  a  valence 

of  one,  and  the  mercuric,  where  the  valence  is  two,  as  illustrated 

by  the  following  formulae: 


Hg,0 

HgCl 

Hgl 

HgNOj 

Hg,SO. 


HgO 

HgCl, 

Hgl, 

Hg(NO,). 

HgSO, 


Mercurous  compounds  are  converted  into  mercuric  by  oxida- 
W,  and  mercuric  into  mercurous  by  reduction. 
Copper  also  forms  two  series  of  compounds,  cuprous  and 
We  know  cuprous  oxide,  Cu,0,  and  cuprous  chloride, 
s  well  as  the  commoner  cupric  compounds,  such  as  cupric 
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• 

oxidei  CuO,  cupric  chloride,  CuCU,  cupric  sulfate,  CUSO4, 
etc.  (165). 

It  will  be  noted  that  compounds  representing  the  lower  state 
of  oxidation  have  names  ending  in  ous,  while  those  corresponding 
to  the  higher  state  of  oxidation  end  in  ic. 

334«  Another  Class  of  Oxidation  Reactions. — ^We  have 
given  as  one  illustration  of  an  oxidation  reaction  the  action  of 
manganese  dioxide  on  hydrochloric  add: 

MnOa+4HCl-^MnCla+Cla+2HaO  (326) 

In  this  reaction  the  manganese  dioxide  is  the  oxidizing  agent. 
The  chlorine  of  the  hydrochloric  acid  in  being  set  free  has  its 
valence  decreased  from  one  to  zero.  The  valence  of  the  hydro- 
gen remains  unchanged  in  the  reaction:  it  is  neither  oxidized 
nor  reduced.  Now  we  see  that  when  combined  chloriney  as  in  a 
chloride  J  is  set  free  its  valence  is  decreased,  and  that  in  this  change 
the  chlorine  is  oxidized.  In  the  case  of  metallic  elements  oxida- 
tion involves  increase  of  valence  (331).  We  see,  therefore,  that 
in  the  case  of  chlorine,  a  non-metallic  element,  its  oxidation  in 
cases  like  that  cited  involves  a  decrease  in  its  valence.  Other 
non-metallic  elements,  like  bromine,  iodine,  and  sulfur,  when  set 
free  by  oxidizing  agents  from  their  compounds  with  hydrogen 
or  metals  are  oxidized,  while  at  the  same  time  there  occurs  a 
decrease  in  valence. 

335*  Reduction  and  Change  of  Valence. — ^That  valence 
changes  accompany  reduction,  as  well  as  oxidation,  will  be  a-t 
once  apparent  by  the  consideration  of  any  reaction  in  which 
reduction  takes  place.  Take,  for  example,  the  simple  .case  of 
the  reduction  of  cupric  oxide  by  hydrogen, 

CuO+Ha-^Cu+HaO.  (327) 

The  copper  is  reduced  to  the  free  state,  its  valence  changing 
from  two  to  zero,  while  the  oxygen  merely  changes  partners 
without  change  of  valence  and  is  therefore  neither  oxidized  nor 
reduced.  When  any  oxide  of  a  metal  is  reduced  by  hydrogen, 
carbon,  or  any  other  reducing  agent,  the  valence  of  the  metal  is  also 
reduced  or  lowered. 
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On  the  other  hand,  in  the  reaction 


Ci.+H,-*2HCI 

we  see  that  the  reduction  of  the  non-metallic  element  chlorine 
h  accompanied  by  an  increase  in  its  valence  from  zero  to  one. 
Ill  Ifneml,  when  a  n^n-metaUic  element  like  a  halogen,  sulfur,  or 
(ityim  itself  unites  with  hydrogen  or  a  melal,  the  non-metal  is 
Ttdued,  while  concurrently  its  viilence  is  increased. 

336.  Classificatioa  of  Valence  Changes. — -In  analyzing  the 

fortjoing  cases  we   have  seen   that   there  is  a  difference  in 

ihe  behavior  of  metals  and  non-metals.    If  we  consider  the 

many  compoimds  which  we  have  studied,  we  shall  see  that 

letals  and    hydrogen    unite  with    non-metals  more  or   less 

idiiy  but  do  not  unite  with  each  other,  at  least  in  the  cases 

tudicd.    On  the  other  hand  non-metals  not  only  unite  with 

Mtals  but  also  unite  among  themselves,  as  in   the   case  of 

Krbun  and  oxygen  or  sulfur  and  oxygen  (286). 

In  all  but  the  rarest  cases  the  valence  of  an  atom  in  com- 

lation  may  be  found  directly  or  indirectly  from  the  following 

.,  which  are  established  by  experience:   hydrogen  (sochum 

md  potassium)  are  univalent  in  all  their  compounds;    oxygen 

is  bivalent  in  all  its  compounds  except  the  peroxides.     The 

—latter  have  definite  characteristics  and  may  be  identified.     The 

ificatioQ  of  the  changes  of  valence  may  be  made  systemati- 

iDy  on  the  basis  of  the  change  of  the  valence  of  an  atom  toward 

pmetal  or  non-metal  as  indicated  in  the  table  below,     WTiether 

le  atom  in  question  is  a  metal  or  a  non-metal  does  not  matter. 


Valence  loward 

Vnlencc  toward 
metals  or  hy- 


Increases 
Decreases 


Pecreasea 

Increases 


DUie  reactions  of  reagents  axe  classified  according  to  this  scheme 
c  which  arc  found  to  undergo  oxidation  or  reduction,  and  * 
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so  are  themselves  either  reducing  agents  or  oxidizing  agents, 

will  be  found  actually  to  have  similar  chemical  activities. 

337.  Two  Important  Kinds  of  Reactions. — But  very  few  of 

the  reactions  of  substances  in  solution  studied  in  chapters  prior 

to   the  present  involve   oxidation   and   reduction.    In   such 

reactions  as 

HCl+NaOH^NaCl+HaO, 

AgNO^+HCl-^AgCl+HNOi,  (169) 

and 

FeCl,+3NaOH-^Fe(OH)3+3NaCl,  (173) 

neither  oxidation  nor  reduction  occurs.  These  are  called  double- 
decomposition  Teactions.  In  such  reactions  no  element  changes 
its  valence. 

If  oxidation  and  reduction  take  place,  the  reaction  is  of  a 
distinctly  different  kind.  In  such  reactions  two  or  more  elements 
change  valence. 

—  338.  Intensity  of  Activity  of  Oxidizing  and  Reducing  Agents. 
— Both  oxidizing  and  reducing  agents  differ  greatly  in  their 
intensity  of  activity.  For  example,  manganese  dioxide  will 
oxidize  cold,  dilute  hydrochloric  acid,  but  oxygen  gas  will  not. 
In  consequence  we  say  that  manganese  dioxide  is  a  stronger 
or  more  powerful  oxidizing  agent  than  oxygen  itself.  When  we 
find,  as  we  may  readily  do  by  experiment,  that  dilute  nitric  add 
will  oxidize  a  ferrous  salt  to  a  ferric  salt  and  that  dilute  sulfuric 
acid  will  not  do  so,  we  conclude  that  nitric  acid  is  a  stronger  or 
better  oxidizing  agent  than  sulfuric  acid.  When  we  know  that 
hydriodic  acid  will  reduce  sulfuric  acid,  but  that,  hydrochloric 
acid  will  not  do  so,  we  conclude  that  hydriodic  acid  is  a  better 
reducing  agent  than  hydrochloric  acid. 

339.  Hydrogen  Sulfide,  H^S. — Iron  and  sulfur  unite  directly 
at  a  red  heat  to  form  ferrous  sulfide,  FeS : 

Fe+S->FeS. 

This  is  a  black  soUd,  which  is  insoluble  in  water.  It  reacts 
readily  with  hydrochloric  add  to  give  ferrous  chloride  and 
hydrogen  sulfide: 

FeS+2HCl-^FeCla+HaS. 
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Hydrogen  sulfide  is  a  colorless  gas,  of  which  water  dissolves 
three  to  four  times  its  own  volume.  It  has  a  very  disagreeable 
odor,  resembling  rotten  eggs,  and  is  extremely  poisonous. 
Fatal  accidents  have  often  occurred  from  breathing  the  gas. 
Hydrogen  sulfide  is  a  very  powerful  reducing  agent.  In  water 
solution  it  is  easily  oxidized  by  atmospheric  ox>gen,  giving  sulfur 

^.|Dd  water: 

^  2H.S+0.-*2S+2H,0. 

^^Kvater  solution  of  hydrogen  suliide  reacts  rapidly  with  iodine 
^■pform  hydriodic  acid  (265)  and  sulfur: 

^  H.S+L-^2HI-1-S. 

Tiiis  reaction  furnishes  a  very  good  practical  method  for  making 
hjdriodic  acid.  We  have  only  to  pass  hydrogen  sulfide  gas  into 
water  containing  powdered  iodine.  When  all  the  iodine  has 
t)eai  reduced,  the  solid  sulfur  can  be  filtered  out,  giving  a 
dear,  colorless  filtrate  which  contains  only  hydriodic  acid  and 
water. 

Hydrogen  sulfide  readily  reduces  dilute  sulfuric  acid,  which 
a  but  a  very  mild  oxidizing  agent  capable  of  oxidizing  only  the 
most  active  reducing  agents;  the  products  are  sulfurous  acid, 
H30„  sulfur,  and  water: 

kH.S+H^SOr^H.SOj+S+H.O. 
Hydrogen  sulfide  can  be  made  by  the  action  of  sulfuric  acid 
on  ferrous  sulfide,  thus: 

FeS+H,S04-^FeS0^+H,S; 

it  this  is  not  advisable  in  practice  because  of  the  interaction  of 
e  sulfuric  acid  witli  the  hydrogen  sulfide.     Hydrochloric  acid 
llhe  best  add  to  use  in  making  hydrogen  sulfide. 
T  Hydrogen  sulfide  is  oxidized  by  all  except  the  very  mildest 

zing  agents.    As  a  final  example  of  its  behavior,  its  action 

onferric  salts  may  be  given.  These  are  reduced  to  ferrous  salts, 
tlios: 

2FeCl,+H,S->aFeCI,+S+  jHCI. 
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340.  Sulfurotts  Acid,  HJ&Oy — ^When  sulfur  bums,  it  fonns 
sulfur  dioxidei  SO2,  a  colorless  gas,  with  a  strong  odor: 

S+0i->S0a.  (286) 

Sulfur  dioxide  is  very  soluble  in  water,  with  which  it  unites 
partially  to  form  sulfurous  acid: 

SOa+HaO^HaSOj.  (286) 

This  reaction  is  reversible;  by  boiling  a  solution  of  sulfurous 
acid  the  latter  can  be  completely  decomposed  and  all  sidfur 
dioxide  driven  oflf. 

Sulfurous  acid  is  a  reducing  agent  which,  when  oxidized,  is 
converted  into  sulfuric  acid.  It  reacts  slowly  with  atmospheric 
oxygen,  thus: 

2HaS03+Oa-^2HaS04. 

It  is  rapidly  oxidized  by  chlorine,  which  is  thereby  reduced 
to  hydrochloric  acid : 

HaS03+Cla+HaO->HaS04+2HCL 

Manganese  dioxide  and  sulfurous  acid  react  as  follows: 

MnOa+HaS03-^MnS04+HaO. 

Ferric  salts  are  reduced  to  ferrous  salts  by  sulfurous  acid,  as 
illustrated  by  the  following  equation: 

Fea(S04)3+H,S03+HaO->2FeS04+  2HaS04. 

341.  Hydrochloric,  Hydrobromic,  and  Hydriodic  Acids  as 
Reducing  Agents. — These  acids  in  water  solution  can  all  be 
oxidized,  and  are  therefore  to  be  considered  as  reducing  agents. 
Hydriodic  acid  is  the  most  easily  oxidized  of  the  three,  and  is 
therefore  the  best  or  most  powerful  reducing  agent.  It  is 
oxidized  by  atmospheric  oxygen  (265),  which  has  no  action 
whatever  on  a  water  solution  of  hydrochloric  acid.  The  latter 
substance  acts  as  a  reducing  agent  only  with  respect  to  the  most 
powerful  oxidizing  agents,  such  as  manganese  (234)  and  lead 
dioxides  (235)   and  potassium  permanganate   (236).    Hydro- 
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bromic  acid  is  a  better  reducing  agent  than  hydrochloric  add, 
but  not  as  powerful  as  hydriodic  acid. 

H;drobromic  acid,  as  a  reducing  agent,  reacts  with  concen- 
iniied  sulfuric  acid,  as  an  oxidizing  agent,  as  follows, 

2HBr+H.S0,-»Br,+S0,+  2H,0, 

lorming  free  bromine,  sulfur  dioxide,  and  water. 

Hydriodic  acid  reacts  even  more  vigorously  with  concentrated 
sulfuric  acid.  In  this  case  the  products  vary  according  to  the 
I'roportJons  taken,  but  the  reduction  of  the  sulfuric  acid  may  go 
as  iar  as  the  formarion  of  free  sulfur  and  hydrogen  sulfide.  The 
possible  reactions  are  represented  in  the  following  equations: 

H,SO,  -f  6f  II->3l. + S+4H  A 
H,SO,  4-  8HI->4l,+ H,S+  4H.O. 

It  will  now  be  understood  why  roundabout  methods  are  used 
tu  prepare  hydrogen  bromide  and  hydrogen  iodide  instead  of 
the  simple  reaction  with  concentrated  sulfuric  acid  and  a  salt, 
IS  is  done  in  the  preparation  of  hydrogen  chloride. 

343.  Manganese  and  Its  Compounds. — Manganese,  Mn,  is  a 
metallic  element  which  in  the  free  form  resembles  iron  rather 
dosely.  Its  principal  ore  is  the  dioxide,  MnO,,  called  by 
mineralogists  p}riolusite.  Manganese  forms  a  series  of  salts 
wrresponding  to  the  salts  of  ferrous  iron;  among  such  we  have 
mtnganous  chloride,  MnCi,,  manganous  nitrate,  Mn(NOj)i,  and 
manganous  sulfate,  MnSOj.  These  salts  are  pale  pink  in  color 
wi  are  easily  soluble  in  water.  The  dilute  solutions,  which  are 
aboat  colorless,  give  with  sodium  hydroxide  white  precipitates 
uf  manganous  hydroxide: 

MnCI,+  2NaOH-^Mn(OH).+  2NaCl. 

This  hydroxide  corresponds  to  an  oxide,  MnO: 

Mn(OH),-»MnO+H,0. 

In  all  these  compounds  except  the  dioxide,  MnOj,  manganese  is 
liivalent;   in  the  dioxide  it  is  quadrivalent. 
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Manganese  forms  a  variety  of  compounds  of  a  very  different 
character  from  the  ones  just  mentioned;  of  these  the  most 
important  is  potassium  permanganate. . 

343.  Potassium  Permanganate,  KMn04. — ^This  substance  is 
the  potassiimi  salt  of  permanganic  acid,  HMn04y  in  which 
manganese  acts  as  an  acid-forming  element.  The  salt  is  made 
from  manganese  dioxide  and  potassium  hydroxide  by  compli- 
cated  reactions  which  need  not  be  considered  at  present.  It 
forms  dark-purple  crystals  which  dissolve  in  water  to  form  a 
purple  solution  having  nearly  the  color  of  the  vapor  of  iodine. 
It  is  a  very  important  substance  and  is  one  of  the  most  powerful 
of  all  oxidizing  agents. 

We  have  already  learned  that  potassium  permanganate 
oxidizes  hydrochloric  acid,  thus: 

2KMn04-h  i6HCl->2KCl-h  2MnCla+ 5Cla+ 8H,0.        (235) 

It  can  also  oxidize  almost  any  substance  which  is  capable  of 
being  oxidized  in  solution.  Two  additional  examples  may  be 
given  as  illustrations: 

2KMn04-t-5HaS03->KaS04-t-2MnS04-t-2HaS04-h3HaO, 
2KMn04-hioFeS04-h8HaS04-^KaS04-t-2MnS04-h5Fea(S04)3-t-8H,0. 

In  the  last  reaction  the  sulfuric  acid  acts  neither  as  a  reducing 
nor  an  oxidizing  agent,  but  is  used  to  keep  the  solution  acid.  The 
sulfate  radical  is  not  decomposed  in  the  reaction. 

From  the  foregoing  equations  it  is  apparent  that  when  two 
molecules  of  permanganate  change  to  manganese  sulfate  or 
chloride,  they  change  the  valence  of  ten  atoms  (chlorine  in 
hydrochloric  acid  or  iron  in  a  ferrous  salt)  by  one  unit  of  valence 
each,  or  of  five  atoms  by  two  imits  of  valence  each  (sulfur  in 
sulfurous  acid).  This  relationship  exists  because  the  valence 
of  manganese,  which  is  seven  in  permanganate,  changes  to  two 
in  manganese  sulfate  or  chloride. 

344.  Chromium  and  Its  Compounds. — The  element  chro- 
mium,  Cr,  is  a  hard  metal,  resembling  iron  in  appearance.  It 
forms  a  series  of  salts  of  which  chromic  chloride,  CrClj,  and 
chromic  sulfate,  Cra  (804)3,  are  typical  examples.    Solutions  of 
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chromic  salts  are  either  green  or  violet  in  color,  according  to  the 
mcthixi  of  preparation.  These  solutions  give  with  ammonium 
hjdroxide  bluish  precipitates  of  chromic  hydroxide: 


CrCIj+ 3NH,OH^Cr(OH)3 + 3NH,C! . 
■  3!lie  hydroxide  when  strongly  heated  gives  chromic  oxide; 
iCr(OH)j-^CrA+3H.O. 


Tt  will  be  seen  that  chromic  salts  are  analogous  to  ferric  salts 
.ifid  [hat  in  these  compounds  chromium  is  trivalent, 

345.  Chromates  and  Dicbromates. — When  chromic  oxide  is 
ijsed  with  sodium  nitrate  or  sodium  peroxide,  sodium  chromate, 
XaXrOj,  is  formed.  This  is  a  bright-yellow  crystalline  salt, 
readiiy  soluble  in  water.  It  may  be  considered  as  derived  from 
chromic  acid,  HiCrO^.  Potassium  chromate,  KjCrO,,  is  also  a 
yellow  crystalline  salt  which  is  readily  made  by  methods  similar 
lo  those  that  give  the  sodium  salt. 

A  solution  of  potassium  chromate,  which  is  bright  yellow  in 
color,  turns  deep  orange  when  mixed  with  sulfuric  acid.     The 

L^pbtion  contains  potassium  dichromate,  KiCClO^,  which  has 

^Ben  formed  thus: 


2K,CrO,+H,SO,^K.CrA+KiSO,+H.O. 


Potassium  dichromate  forms  orange-colored  crj'stals,  which 
disolve  in  water  to  form  an  orange-colored  solution.  In  the 
foregoing  reaction  we  might  have  expected  to  get  potassium 
hj^drogen  chromate,  KHCrO^;  but  if  this  salt  is  first  formed  it 
decomposes  at  once,  as  foUows: 

2KHCr0r>K.CrX>, -I- H.O. 

Sodium  dichromate,  Na,Cr,0,,  orange-colored  crystals,  can 
teciade  in  a  similar  manner  from  sodium  chromate, 

346.  Chromates  and  Dichromates  as  Oxidizing  Agents.^ 

^lutions  of  either  chromates  or  dichromates  are  oxidizing 

iKcnts.    More  commonly  a  strongly  acid  solution  is  used.    Thus 

I  lith  hydrogen  sulfide  an  acid  solution  of  potassium  chromate 
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(potassium  dichromate)  reacts  to  form  sulfur  and  chromi 
salts: 

2KaCr04+3HaS+ioHCl-^4KCl+2CrCl,+8HaO+3S; 

or  if  the  equation  is  written  for  the  dichromate  we  have 
KaCrA+3HaS+8HCl-^2KCl+2CrCl3+7HaO+3S. 

With  sulfurous  acid  as  a  reducing  agent  the  reaction  yields 
sulfuric  acid  and  chromiimi  sulfate: 

2KaCr04+3HaS03+2HaS04-^2KaS04+Cra(S04)3+sHaO. 

Apparently  two  molecules  of  potassiiun  chromate  (or  one  of  the 
dichromate)  can  cause  six  imits  of  valence  change  on  other 
atoms,  three  of  sulfur  in  HaS  if  free  sulfur  is  the  product,  or 
three  of  sulfurous  acid  to  form  sulfuric  acid. 

It  is  plain  that  permanganates  are  more  powerful  oxidizers 
than  chromates  or  dichromates,  since  the  first  can  oxidize 
hydrochloric  acid  and  the  second  cannot,  except  in  very  con- 
A  centrated  acid  solution. 
^^y>^^^  347,  Hydrogen  Peroxide  as  an  Oxidizing  Agent. — ^We  have 
already  learned  (318)  that  hydrogen  peroxide  easily  decomposes 
into  water  and  oxygen,  and  that  for  this  reason  it  acts  as  an 
oxidizing  agent.  Its  action  on  hydriodic  acid  was  shown  to  take 
place  thus: 

HaOa+  2HI-^Ia+  2HaO.  (Sao) 

Sulfurous  acid  is  readily  oxidized  to  sulfuric  acid: 

HaOa+HaS03->HaS04+HaO. 

Ferrous  salts  are  oxidized  to  ferric  salts  as  the  following 
equation  will  illustrate: 

HaOa+  2FeS04+HaS04-»Fea(S04)3+2HaO. 

Lead  forms  with  sulfur  lead  sulfide,  PbS,  a  black  substance, 
almost  insoluble  in  water.  It  is  obtained  as  a  black  precipitate 
by  the  action  of  hydrogen  sulfide  on  a  solution  of  a  lead  salt: 

Pb(N0,)a+HaS->PbS+2HN0,. 
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■Hydrogen  peroxide  oxidizes  lead  sulfide  to  lead  sulfate  (167); 

PbS +4H/),-^PbSO,+4H>0. 

'  Since  lead  sulfate  is  white,  the  effect  of  the  action  is  easily  seen. 
The  blackening  of  old  oil  paintings  is  due  to  the  gradual  conver- 
^inn  of  the  lead  compounds  that  have  served  as  ingredients  of 
the  paint  into  lead  sulfide  by  the  action  of  sulfur  compounds 
Kojmng  in  the  air.     Blackened  paintings  are  often  restored 
to  their  original  colors  by  treating  them  with  hydrogen  peroxide, 
Hfhich  converts  the  black  lead  sulfide  into  white  lead  sulfate. 
^B  It  has  already  been  mentioned  that  animal  and  vegetable 
^^bstances  are  bleached  by  hydrogen  peroxide.    The  exact 
nature  of  the  changes  that  occur  in  such  reactions  is  not  in  general 
bown,  but  it  is  safe  to  conclude  that  they  are  processes  of  oxida- 
tion which  convert  colored  into  colorless  substances. 

348.  The  Reducing  Action  of  Hydrogen  Peroxide. — The 
artion  of  hydrogen  peroxide  on  silver  oxide  yields  free  silver, 
and  we  may  say  that  the  silver  oxide  has  been  reduced. 

H,0,+ Ag,0^  2Ag-l-H.0+0,. 

Another  important  reaction  of  this  class  is  found  in  the  action 
of  hydrogen  peroxide  on  potassium  permanganate  in  acid  solu- 
tion, which  takes  place  thus; 

SH,0,+2KMn0,+3H,SO,^K,S0.-f-2MnSO,-|-8H,O-f-5O„ 

The  products  are  the  colorless  solution  of  the  sulfates  of  potas- 
siiira  and  manganese  in  addition  to  free  oxygen. 
I  349.  Hypochlorous  Acid,  HCIO. — It  is  probable  that  chlorine 

■Qlcts  reversibly  with  water  in  which  it  is  dissolved  to  form 
^^pdrochloric  acid  and  hypochlorous  acid,  HCIO,  thus: 


Cl-|-H,O^HCH-HC10. 


Since  this  is  a  reversible  leactioii,  all  four  substances  are  con- 
WkA  in  equilibrium  in  a  solution  of  chlorine  in  water.  Hypo- 
chlorous acid  is  very  unstable,  that  is,  it  easily  decomposes, 
M  for  this  reason  it  cannot  be  obtained  except  in  the  form  of  a 
^"lllle  water  solution.     It  has  only  very  weak  acid  properties 
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and  cannot  even  decompose  calcium  carbonate,  which  is  actec=: 
upon  by  abnost  all  other  acids.  As  is  well  known,  hydrochloric 
acid  reacts  with  caldimi  carbonate  as  follows: 

2HCl+CaC03->CaCla+CO,+HaO.  (16^; 

As  a  matter  of  fact,  when  calcium  carbonate  is  added  to  chlorine 
water  it  reacts  as  follows : 

CaC03+2Cla+HaO-^  2HC10+CaCla+C0a. 

From  the  resulting  solution  hypochlorous  acid  mixed  with  much 
water  vapor  can  be  driven  oflf  by  cautious  heating;  the  condensed 
vapor  forms  a  dilute  solution  of  hypochlorous  acid.  This  reac- 
tion seems  to  prove  that  chlorine  and  water  react  to  form  hydro- 
chloric and  hypochlorous  acids. 

350.  Hypochlorites. — If  chlorine  is  passed  into  a  cold,  dilute 
solution  of  sodium  hydroxide,  sodiiun  chloride  and  sodium  hypo- 
chlorite! NaClO,  are  formed: 

Cla+2NaOH-^NaCl+NaC10+HaO. 

This  is  exactly  what  we  should  expect  if  both  acids  which  result 

from  the  action  of  chlorine  on  water  are  neutralized  by  the 

sodiimi  hydroxide.     Chlorine  and  potassimn  hydroxide  react 

similarly : 

Cla+2KOH-^KCl+KC10+HaO. 

351.  Bleaching  Powder, — The  action  of  chlorine  gas  on  solid 
slaked  lime,  calcium  hydroxide,  takes  place  thus: 

Cla+Ca(OH)a-^CaCl(OCl)+HaO. 

The  product  of  the  reaction  is  a  white  powder  known  as  chloride 
of  lime  or  bleaching  powder.  It  is  a  mixed  salt,  a  chloride  and 
hypochlorite  of  calcium.  It  is  extensively  used  in  the  bleaching 
of  cotton  goods  and  for  a  variety  of  other  purposes.  Before 
taking  up  the  chemical  behavior  of  hypochlorous  acid  and  hypo- 
chlorites it  will  be  of  interest  to  consider  the  formation  of  these 
substances  from  the  standpoint  of  oxidation  and  reduction. 
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351.  The  Oxidatioii  Products  of  Chlorine. — By  the  action  of 
Idilorine  gas  on  dry  mercuric  oxide,  HgO,  chlorine  monoxide, 

I  QiO,  a  brownish-yellow  gas,  is  obtained.  It  is  obvious  that  in 
|.this  reaction  the  chlorine  has  been  oxidized.  Now  this  oxide 
lef  chlorine  unites  with  water  to  form  hypochlorous  acid, 

C1.0+Hj0^2HCI0. 

The  relation  between  chlorine  monoxide  and  hypochlorous 

icid  b  similar  to  that  between  sulfur  dioxide  and  sulfurous  acid: 


SO.+H,O^H^Oi. 


HEUorine  and  sulfur  also  show  similar  behavior  in  that  each  forms 
^Bnpounds  with  hydrogen  and  metals,  namely  chlorides  and 

^H  353.  The  Formation  of  Chlorates.^Hypochlorites  are  very 
unstable  salts.    A  warm,  concentrated  solution  of  sodium  hypo- 
chlorite changes  more  or  less  rapidly  into  sodium  chloride  and 
rium  chlorate,  NaClO,,  according  to  the  equation, 
Po 


3NaCIO->3NaCl+NaC10,. 


Potassium  hjpochlorite  changes  in  a  similar  fashion,  yielding 
polisaum  chlorate,  KClOj. 

Sodium  and  potassium  chlorates  are  powerful  oxidizing 
igents,  since  they  contain  large  proportions  of  easily  liberated 
Mygen.  When  the  dry  crystals  are  heated  they  decompose 
finally  into  chlorides  and  oxygen: 

2KC10j-^2KCl+30,. 

is  reaction  takes  place  in  two  stages  (306).     The  first  change 
s  rise  to  a  perchlorate,  KCIO^,  thus: 

ioKCI03-»4KCI+6KC10,+30,. 

UnUl  recently  potassium  chlorate  was  used  extensively,  and 

"Jium  chlorate  was  rarely  seen.     The  reason  was  twofold :   in 

6  first  place  potassium  chlorate  was  made  very  largely  in 

■-Ceimany,  where  potassium  compounds  are  cheap  on  account 

■  lie  immense  potash  deposits  found  in  that  country;  and  in 
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the  second  place  sodium  chlorate,  being  more  soluble,  is  more^ 
difficultly  purified  than  the  potassium  salt.  Since  the  war  began, 
there  has  been  a  shortage  of  potash,  because  no  other  countrjr 
besides  Germany  has  much  easily  accessible  potash.  As  a. 
consequence  the  manufacture  of  sodiiun  salts  ha^  been  stimu- 
lated, and  since  191 5  there  has  been  an  abimdant  supply  of 
sodiiun  chlorate.  This  can  be  used  advantageously  in  place  of 
potassimn  chlorate  for  nearly  all  purposes. 

354.  Chloric  Acid  and  Chlorine  Dioxide. — ^Potassiimi  and 
sodimn  chlorates  are  salts  of  chloric  acidi  HCIO3.  This  is  a  very 
unstable  acid,  which  is  known  only  in  dilute  solution.  Upon 
evaporation  of  the  solution  the  acid  decomposes,  giving  chlorine 
dioxide,  ClOa,  and  other  products. 

If  a  few  drops  of  concentrated  sulphuric  acid  are  poured  on 
a  small  crystal  of  sodium  chlorate  in  a  dry  test  tube,  a  yellow 
gas  forms,  which  explodes  with  violence  a  few  seconds  later. 
This  dangerous  experiment  should  be  performed  with  great 
caution.  The  yellow  gas  is  chlorine  dioxide,  CIO2,  which  was 
formed  by  the  decomposition  of  the  chloric  acid  set  free,  thus: 

NaC103+HaS04-^NaHS04+HC103. 

The  explosion  of  chlorine  dioxide  is  due  to  decomposition  into 
its  elements: 

2C10a-^Cla+20a. 

Chloric  acid  is  a  powerful  oxidizing  agent.  For  example,  it 
changes  lead  sulfide  to  lead  sulfate  (167).  This  operation  is 
usually  carried  out  by  adding  a  few  crystals  of  sodium  chlorate 
and  dilute  hydrochloric  acid  to  the  black  lead  sulfide.  The 
dark  color  is  seen  to  change  slowly  to  the  white  of  the  sulfate: 

3PbS+4HC103 ->  3PbS04+4HCl. 

355.  Perchlorates  and  Perchloric  Acid. — Perchlorates  are 
formed  by  heating  chlorates  gently  (306,  353). 

Sodium  perchlorate,  NaC104,  and  potassium  perchlorate, 
KCIO4,  are  white  crystalline  salts.  They  decompose  completely 
into  chlorides  and  oxygen  at  dull-red  heat.    For  example, 

NaC104-»NaCl+20,. 
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Ammonium  perchlorate,  NH4CIO4,  is  made  by  neutralizing 
perchloric  acid,  HCIO4,  with  ammonia.  It  is  used  as  an  oxidizing 
agent  and  as  a  very  powerful  explosive. 

When  powdered  sodium  or  potassiiun  perchlorate  is  mixed 
with  concentrated  sulfuric  acid  and  cautiously  heated  in  a  small 
retort  (i04»  Fig.  24),  perchloric  acid,  HCIO4,  is  distilled  from  the 
mixture.  This  experiment  should  not  be  made  by  the  student, 
as  it  might  result  in  an  explosion  in  unskilled  hands. 

NaC104+HaS04^NaHS04+HC104. 

Perchloric  add  is  a  colorless  liquid.  It  is  a  violent  oxidizing 
agent,  as  shown  by  the  fact  that  a  drop  of  the  acid  will  set  fire  to 
fiUer  paper.  The  diluted  acid  is  now  coming  into  use  in  labo- 
ratories as  an  oxidizing  agent,  and  also  for  the  purpose  of  pre- 
cipitating potassium  perchlorate  in  the  quantitative  analysis 
of  potassium. 


CHAPTER  XVI 
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356.  Heat  of  CombuBtion. — Since  coal,  wood,  and  fuel  gas 
are  burned  ordinarily  in  order  to  produce  heat  rather  than  as 
a  means  of  obtaining  their  products  of  combustion,  carbon 
dioxide  and  water,  it  becomes  a  matter  of  importance  to  discover 

how  much  heat  is  produced 
in  the  burning  of  a  known 
weight  of  a  given  substance. 
The  unit  of  heat  is  the 
calorie  (in),  which  is  the 
amount  of  heat  required  to 
raise  the  temperature  of  one 
gram  of  water  one  degree  centi- 
grade. The  amount  of  heat 
produced  by  the  burning  of 
one  formula  weight  of  a  pure 
substance  is  called  its  heat 
<tf  combustioa.  The  heat  of 
combustion  of  a  solid  is  de- 
termined by  burning  a  known 
weight  of  it  within  an  appa- 
ratus of  special  design,  called 
a  bomb  calorimeter. 

357.  The  Bomb  Calorimeter. — This  apparatus,  illustrated  in 
Fig.  44,  consists  of  a  heavy-walled  metallic  bomb  with  a  gas- 
tight  cover,  surrounded  by  a  vessel  of  water.  The  latter  is  con- 
tained in  a  larger  vessel  with  walls  of  heat-insulating  material. 
A  weighed  amoimt  of  substance  whose  heat  of  combustion  is 
to  be  found  is  placed  in  the  crucible  of  the  bomb,  which  is  filled 
with  oxygen  gas.  The  substance  is  then  ignited  by  heat  from 
a  wire  which  carries  an  electric  current.  The  temperature  of 
the  water  surrounding  the  bomb  is  measured  accurately  before 
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and  after  the  burning,  and  the  number  of  calories  of  heat  pro-           H 
duced  is  calculated  from  the  rise  of  temperature  and  the  weight           H 
1      of  water  actually  heated,  plus  the  water  equivalent  of  the  bomb,           H 
etc   The  water  equivalent  is  the  amount  of  water  which  has           H 
the  same  heat  capacity  as  the  bomb  and  other  heated  parts  of          H 
'Ihe  apparatus.     Some  typical  results  of  measurements  of  heats           H 
of  combustion  are  shown  in  Table  XI.    The  values  are  given          ^^ 
to  the  nearest  hundred,  since  this  is  about  the  limit  of  accuracy          ^M 
m  such  measurements.                                                                                  ^M 
TABLE  XI                                                                H 

Subituict 

CalDria  ps  tnm 

Formul. 

Hot  of  CombiutEDD                H 

Dhm 

8,130 

2.430 

S  -31  g. 
C,H.=  )6g. 
CO  =  18  g. 

I 

68,800                        ■ 

70,400                   H 

■ 

'in^::: :::::.::.::: 

ifar       .    ;   :.: 

Since  one  formula  weight  of  a  gaseous  substance  has  a  volume 
M.4  liters,  the  heats  of  combustion  of  H„  CH„  and  CO  are 
jfltt  amounts  of  heat  produced  in  the  burning  of  equal  volumes 
ef  these  gases.     It  will  be  seen  that  the  heat  of  combustion  of 
G,H,  is  ver>'  large  (nearly  five  times  that  of  hydrogen).     This 
ccounts  in  part  for  the  very  high  temperature  of  the  oxyacety- 
Sie  flame  (315). 

J58.  The    British    Thermal    Unit,    B.T.U.— In    engineering 
nciice  quantities  of  heat  are  measured  in  British  Thermal 
Ifeite  (B.T.n.)  instead  of  in  calories.     This  unit  is  the  amount 
if  heat  required  to  raise  Ihe  temperature  of  one  pound  of  ■water  one 
tpte  Fahrenheit.    Since  one  pound  equals  453  g.,and  i°F.=  5/q 
t  I'C.  it  follows  that  I  B.T.U.  =  352  calories.    The  heat  pro- 
nad  ia  burning  coal,  coke,  and  fuel  gas  is  called  its  calorific 
<Wer.    It  is  usually  stated  in  terms  of  B.T.U.  per  pound  of 

lllie  of  fuel  fa  directly  dependent  on  its  calorific  power,  the 

King  of  fuel  fa  a  matter  of  great  practical  importance.     In 

^HttuMi  it  fa  customary  to  detenntne  the  moisture,  voUti^^^ 
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matteii  "fixed  carbon,"  and  ash  in  addition  to  the  calorific 
power.  The  "fixed  carbon'*  is  the  non-volatile  residue  left 
when  all  volatile  matter  is  driven  off  at  a  bright-red  heat  in  the 
absence  of  air,  less  the  ash  contained  therein.  The  calorific 
power  is  usually  expressed  in  terms  of  B.T.U.  per  pound  of  fuel, 
or  per  cubic  foot  in  the  case  of  gases.  Table  XII  gives  some 
results  for  a  variety  of  solid  fuels. 

TABLE  xn 


Kind  of  Fuel 


Lackawanna  anthracite  coal 

Pocahontas  coal 

Indiana  bituminous  coal . . . 

Coke 

Lignite 

OsJl  wood 

Pine  wood  (resinous) 

Crude  petroleum 


Peecentacb  Composition 


Volatile 
Matter 


5 
l8 

35 
o. 

38 


Fixed 
Carbon 


84 

74 

SO 
90 

SI 


Ash 


II 

7 
6 

9 
4 

0.4 
0.4 


CALoamc  Power 


Calories 
per  gram 


7,724 
8,760 

8,080 

7,900 

7,200 

4,600 

5, 000 

11,520 


B.  T.  U. 
per  pound 


13,900 
15,680 

14,540 
14,200 
13,000 
8,300 
9,100 
20,736 


Table  XIII  gives  the  calorific  power  of  some  typical  fuel 

gases. 

TABLE  Xin 

Calorific  Power  in  BT.U.  per  Cubic  Foot 

Kokomo,  Indiana,  natural  gas i  ,000 

Pittsburgh,  Pennsylvania,  natural  gas 1,150 

Coal  gas 650 

City  of  Chicago  gas 600 

360.  The  Evaporation  of  Water  and  the  Production  of 
Steam. — ^We  can  easily  calculate  the  amount  of  fuel  theoretically 
needed  to  change  water  at  ordinary  temj)erature  into  steam. 
If  one  gram  of  water  at  20°  is  heated  to  100°,  80  calories  of  heat 
are  required,  and  in  addition  540  calories  are  needed  to  change 
this  hot  water  into  steam.  The  total  is  620  calories.  Since 
the  burning  of  one  gram  of  coal  produces  about  8,000  calories, 
if  all  this  heat  were  utilized  it  would  be  sufficient  to  evaporate 
(8,000-7-620)  13  g.  of  water.  In  practice  much  heat  is  lost  to 
the  surroundings,  as  well  as  in  the  hot  smoke  which  goes  up  the 
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lAestack.     Engineers  consider  that  it  is  good  practice  to 
iporate  8  g.  of  water  with  i  g.  of  coal.     Therefore  one  pound 
of  good  coal  will  change  81b.,  or  about  1  gal.  (8.3  lb)  of  water 
ordmary  temperature  into  steam  at  100°. 

361.  Heat  of  Reaction  and  Heat  of  Fonnation.^We  have 
slready  frequently  obsep.'cd  that  numerous  reactions  other  than 

imbustions  in  oxygen  (air)  produce  much  heat.  Among  such 
■re  the  reactions  of  chlorine  with  hydrogen  (244),  phosphorus 
(l47\  antimony  (246),  and  turpentine  (248);  and  water  with 
Tunc  acid  {93),  potassium  (106),  and  calcium  oxide  (150). 
The  heat  produced  in  these  and  other  reactions  may  be  measured 
ilably  constructed  calorimeters  and  the  results  expressed 
most  conveniently  by  stating  the  amount  of  heat  given  out  in 
the  reaction  of  formula  weights  of  the  uniting  substances;  or 
1b  the  formation  of  one  formula  weight  of  the  product.  Thus 
liie  heat  of  reactioa  of  CaO  and  HiO  may  be  written 

CaO+H,0-9.Ca(OH),+5,ioo  cal. 

and  the  heat  of  formation  of  water  from  its  elements 

H,+iO,^HjO+ 68,800  cal. 

362.  Heat  of  Neutralization. — The  union  of  acids  and  bases 
to  form  salts  and  water  always  gives  out  heat.  In  fairly  dilute 
iolulions  the  amount  of  heat  given  out  when  one  formula  weight 
of  water  is  so  formed  is  almost  exactly  the  same  for  many  acids 
ind  bases.     For  example. 

HCl,  NaOH  =  i3,7oocal. 
HCl,  KOH  =13,700  " 
HNOj,  NaOH=  13,700  " 
HNO„  KOH  =13,700  '■ 

^his  regularity  is  indeed  striking  and  must  mean  close  similarity 
Si  the  processes  of  these  reactions.  How  chemists  interpret  this 
ibtiomenon  will  be  considered  in  chapter  xviii. 

363.  The  Law  of  Constant  Heat  Summation. — Let  us  now 
consider  the  following  question:  If  equal  quantities  of  a  given 
*ibstance  can  be  changed  into  the  same  product  by  two  different 
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ways,  will  the  amounts  of  heat  produced  be  the  same  in  the  two 

cases?    Carbon,  for  example,  gives  carbon  dioxide  when  it  is 

burned, 

C+0,-»COa, 

but  in  a  deficiency  of  oxygen  the  product  is  carbon  monoxide, 

2C+Oa-^2CO, 

Carbon  monoxide  is  a  colorless  gas  which  bums  readily,  giving 
carbon  dioxide, 

2C0+0a-^2C0a. 

Therefore  it  is  possible  to  change  given  weights  of  carbon  and 
oxygen  into  carbon  dioxide  in  two  different  ways.  The  heats 
of  combustion  are  as  follows: 

First  Way 

C+JOa->CO  +29,4C»  cal. 
CO+iOa->COa+68,2C5o  cal. 


Sum    97,600  cal. 

Second  Way 
C+Oa-^COa+97,6oo  cal.' 

These  results  show  that  if  12  g.  of  carbon  (C  =  i2)  unite  with 
32  g.  of  oxygen  (02  =  32  and  J02  =  16)  the  total  heat  produced  is 
the  same  no  matter  in  which  way  the  union  occurs. . 

Another  illustration  is  foimd  in  the  formation  of  a  solution 
of  ammonium  chloride,  NH4CI,  from  NH3  and  HCl  gases. 
This  reaction  can  take  place  in  two  ways: 

First  Way 

NHjCgas) +HC1  (gas)-^NH4Cl(soUd) +42,000  cal. 
Heat  absorbed  in  dissolving  the  NH4CI  In  water  =  —  3,900  cal. 

Excess  of  heat  produced  over  heat  absorbed  =     38,100  cal. 

Second  Way 

Heat  of  solution  of  NH3  in  water  =       8400  cal. 

Heat  of  solution  of  HCl  in  water  =     i7»3oo  cal. 

Heat  of  neutralization  of  the  two  solutions  =     12,400  cal. 

Total  heat  produced  =     38;  100  cal. 
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Innumerable  cases  like  the  two  here  given  in  illustration  have 
led  to  the  Law  of  Constant  Heat  Summatioa  (Law  of  Hess ) 
The  htat  produced  or  absorbed  in  the  dmnge  of  given  suhsl<jnces 
inio  the  same  final  products  (in  the  same  physical  stale)  is  the  same, 
Jy  whatever  way  the  changes  occur. 

That  the  heat  of  a  given  reaction  is  dependent  on  the  physical 
ihte  of  the  reacting  substances  and  products  is  illustrated  by 
the  following  example: 

CaO+H,0  (Iiquid}->Ca(OH).  Csolid)-f  15,100  cat. 
CaO+H.O  (ice)      -*Ca(OH),  (soIid)+i3,7oo  cal. 

Difference=  1,400  cal. 

The  difference.  1.400  caL,  is  due  to  the  fact  that  it  requires  this 
amount  of  heat  to  change  one  formula  weight  of  ice  into  water 
(18X79  =  1.4")  ("8). 

364.  Heat  Produced  in  Slow  Oxidation.  Spontaneous  Com- 
liastion. — Numerous  experiments  have  proved  that  the  amount 
heat  formed  in  a  given  reaction  is  just  the  same  whether  the 
diange  takes  place  slowly  or  rapidly.  The  decay  of  wood  leads 
ultimately  to  the  production  of  carbon  dioxide  and  water,  the 
tone  products  as  those  formed  when  wood  is  burned.  During 
the  decay  of  wood,  heat  is  produced  so  slowly  that  its  fonnation' 
tt  usually  not  perceptible  by  ordinary  observation.  Coal  also, 
when  exposed  to  the  air,  slowly  oxidizes.  In  so  doing  it  often 
loses  an  appreciable  part  of  its  heating  value  before  it  is  burned. 
The  depreciation  on  this  account  in  the  value  of  stored  coal  is  a 
matter  of  considerable  importance. 

If  coal  (especially  bituminous  coal)  in  small  lumps  and  con- 
taining much  dust  is  heaped  in  immense  piles,  such  as  are  seen 
coal  yards,  the  heat  produced  by  the  slow  oxidation  does  not 
escape  readily  from  the  bottom  layers  of  the  pile.  The  result 
k  a  gradual  rise  of  temperature.  At  the  higher  temperature 
oxidation  and  therefore  heat  production  go  on  still  faster,  since 
Usually  enough  air  can  diffuse  in  to  keep  up  the  supply  of  oxygen, 
'inally  the  temperature  may  rise  so  high  that  the  pile  of  coal 
ttuaUy  takes  fire  at  the  surface,  where  there  is  of  course  an 
Dolimited  supply  of  oxygen.     Fire  originating  in  this  way  is 
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said  to  be  due  to  spontaneous  combustion.  The  loss  of  coa. 
through  such  fires  was  a  very  serious  feature  of  the  "coal  famine' 
of  191 7-18.  Some  smoke  is  seen  issuing  from  the  majority  o\ 
large  piles  of  low-grade  coal  in  the  Chicago  district,  thus  indi- 
cating more  or  less  fire  beneath.  It  is  almost  impossible  to 
extinguish  fire  in  a  very  large  coal  pile.  The  best  way  to  prevent 
serious  rise  of  temperature  in  coal  piles  is  to  provide  numerous 
air  shafts  in  the  pile,  by  means  of  which  warm  air  can  escape. 
This  does  not  entirely  prevent  oxidation  but  keeps  the  tempera- 
ture down  to  a  point  where  the  oxidation  is  not  dangerously 
fast. 

It  is  a  popularly  known  fact  that  "greasy"  rags  will  often 
catch  fire  spontaneously.  As  a  matter  of  fact  such  fires  originate 
usually  in  rags  soaked  in  oils  used  in  paint  or  vamishi  especially 
linseed  oil  or  turpentine.  The  ''dr3ring"  of  paint  and  varnish 
is  not  a  process  of  evaporation  as  much  as  one  of  oxidation  of 
the  oil  used.  These  paint  and  varnish  oils  readily  unite  with 
oxygen  to  form  solid  products.  In  this  process  heat  is  produced. 
In  a  pile  of  rags,  etc.,  covered  with  such  oils  sufficient  rise  ol 
temperature  may  occur  to  cause  spontaneous  combustion.  Foi 
this  reason  greasy  rags,  etc.,  should  never  be  left  where  they 
can  do  damage  if  they  take  fire. 

365.  Dust  Explosions. — ^When  the  air  is  filled  with  the  dust  of 
coal,  wood,  flour,  or  other  combustible  substance  a  flame  will 
often  start  a  combustion  which  will  spread  with  explosive 
rapidity.  Appalling  explosions  have  occurred  from  such  causes 
in  coal  mines,  wood-working  factories,  and  flour  mills.  Even 
dust  which  is  at  rest  in  such  places  is  blown  into  the  air  by  the 
on-coming  explosion  wave  and  is  thus  changed  to  an  explosive 
dust  and  air  mixture.  It  is  easy  to  see  that  a  dust  explosion  is 
due  to  the  extremely  rapid  burning  of  minute  particles,  each 
surroimded  by  an  abundance  of  oxygen.  Dust  explosions  arc 
best  prevented  by  keeping  mines,  mills,  etc.,  free  from  accxmiula- 
tions  of  dust. 

366.  Modes  of  Heat  Production  in  Physical  and  Chemical 
Changes. — We  have  now  learned  that  heat  is  produced  (or 
absorbed)  in  a  variety  of  physical  and  in  all  chemical  changes, 


Heat  and  Energy  aar 

I  The  following  seven  modes  of  heat  production  (or  absorption) 
I  bavebeen  studied: 

I.  Latent  heat  of  fusion  (melting)  (ii8). 

;,  Latent  heat  of  evaporation  (115). 

J.  Heat  of  solution  (127). 

4.  Heat  of  combustion  (356). 

5.  Heat  of  formation  (361). 

6.  Heat  of  reaction  (361}. 

7.  Heat  of  neutralization  {362). 
%t  first  three  modes  have  to  do  with  physical  changes  of  the 

rt known  as  changes  of  state;  the  last  four  are  due  to  chemical 
jhaoges,  All  changes  of  state  and  many  chemical  changes  arc 
rsible  processes.  In  every  reversible  process,  if  heat  is 
pvta  out  when  the  change  proceeds  in  one  direction,  heat  is 
aburbed  in  equal  amount  when  the  change  proceeds  to  an  equal 
Kent  in  the  opposite  direction.  A  change  which  results  in  the 
pixfuction  of  heat  is  called  an  exothermic  change;  one  in  which 
eat  is  absorbed  is  an  endothermic  change. 
367.  Heat  Production  and  Equilibrium.— In  chapter  xiii 
I  the  eSect  of  temperature  on  equilibrium  was  discussed 
riefly.  With  respect  to  the  change  of  solubility  it  was  stated 
hut  raising  the  temperature  causes  timt  change  of  solubility  to 
r  which  involves  an  absorption  of  heal.  We  also  saw  (288) 
for  chemical  equilibrium  raising  llie  temperature  causes 
k  equilibrium  to  shift  in  the  direction  that  involves  an  absorption 
f  heal.  These  laws  are  entirely  general  and  apply  to  all 
iliiiges  of  state  and  all  chemical  changes. 

In  the  shift  of  equilibrium  which  occurs  with  change  of 

SQperature  the  fraction  of  the  reacting  substances  transformed 

r  products  is  determined,  in  a  given  case,  by  the  change 

f  tffliperature   (measured  in  degrees).     The  amount  of  heat 

D  calories)  absorbed  (if  the  temperature  is  raised)  or  given  out 

if  the  temperature  is  lowered)  is  determined  by  the  amount  of 

istcriai  transformed.     An  example  will  make  the  matter  clearer. 

Hydrogen  and  iodine  vapor  react  partially  in  the  neighbor- 

i  of  4CX)''  to  give  hydrogen  iodide  (264,  281,  z88) : 

H,+L^aHI+i,ooocal. 
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This  equation  means  that  the  formation  of  two  formula  weights 
of  HI  from  H,  and  U  (vapor)  at  about  400°  takes  place  with 
the  liberation  of  1,000  cat.  of  heat  or  500  cal.  for  each  formula 
weight  of  HI  produced.  The  following  table  shows  the  propor- 
tions of  molecules  in  the  equilibrium  mixture  at  370°  and  440°: 


■  eneri 

I  as  pa 

H  kinet 


780 


We  see  that  if  the  temperature  is  raised  from  370°  to  440°,  ab 
molecules  of  HI  out  of  a  total  of  1,000  molecules  (2  per  cent  of 
the  whole)  change  into  H,  and  Ij.  If  the  total  amount  of 
material  in  the  mixture  is  that  resulting  from  one  formula  weight 
each  of  Hj  and  I,  (equivalent  to  two  formula  weights  of  HI), 
and  if  2  per  cent  of  the  whole  number  of  molecules  change  into 
Hj  and  L,  the  heat  absorbed  is  0.02X  1,000  cal,  =  20  cal. 

368.  Work  and  Energy, — The  terms  work  and  energy  have 
very  definite  meanings  in  science.  The  subject  of  physics  is 
largely  concerned  with  these  very  important  matters;  and  since 
it  is  assumed  that  the  student  has  already  studied  physics,  an 
elementary  discussion  of  these  very  important  topics  is  unneces- 
sary. We  may,  however,  briefly  summarize  some  of  the  more 
prominent  points.  The  typical  example  of  work  in  the  physical 
sense  is  the  lifting  of  a  weight.  The  scientific  unit  of  work  is 
the  gram  centimeter,  which  is  the  work  required  to  lift  one  gram 
one  centimeter.  The  amount  of  work  done  in  lifting  a  weight  is 
the  product  of  the  force  required  (which  in  this  case  is  equal 
to  the  weight  in  grams)  and  the  vertical  distance  measured  in 
centimeters.  Thus  the  Ufting  of  600  g.  to  a  height  of  30  cm- 
requires  the  doing  of  600X30=  18,000  g.cm.  of  work.  The 
weight  of  600  g.,  having  been  lifted  30  cm.,  could  do  work  to 
the  extent  of  18,000  g.cm.  in  descending  30  cm.  It  is  said  to 
have  the  power  to  do  this  amount  of  work.  Now  power  to  do 
work  is  called  energy-,  and  therefore  it  has  18,000  g.cm.  of 
energy.  Two  kinds  of  energy  are  recognized:  potential  energy, 
as  possessed  by  a  weight  which  may  do  work  on  descending,  and 
kinetic  energy,  or  the  energy  of  a  body  in  motion.    It  requires 
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1  work  to  set  a  body  in  motion,  and  conversely  a  body  in  motion 
[.is able  to  do  work. 

369.  The  Mechanical  Equivalent  of  Heat. — Heat  is  also  a 
E  farm  of  energy-,  because  heat  is  able  to  do  work.  A  steam  engine 
I  Js  merely  a  machine  which  converts  tlie  heat  of  burning  coal  into 
I  ^etic  energy.  The  change  of  kinetic  energy  into  heat  may  be 
■  observed  on  every  hand:  anything  that  restrains  or  stops  the 
I  motion  of  a  moving  body  converts  part  or  all  of  its  kinetic  energy 
lioio  heat.  We  measure  energy  in  gram  centimeters  and  heat 
mm  calories,  and  if  heat  is  a  form  of  energy  then  the  calorie,  like 
Kthegram  centimeter,  must  be  an  energy  unit.    It  will  .at  once 


t  tsked:  Do  these  units  represent  equal  amounts  of  energy? 

&  other  words,  will  one  gram  centimeter  of  work  produce  one 

trie  of  heat?     If  not,  how  many  gram  centimeters  are  required 

0  produce  one  calorie?    This  question  was  first  answered  by 

IJoule  in  1840. 

370.  Joule's    Experiment.^ — In    Joule's    experiment,     with 

ftlfiparatus  shown  in  Fig.  45,  a  weight,  W,  attached  to  a  cord 

■Wound  on  a  cylinder,  in  slowly  descending  turns  a  stirrer  which 

B  surrounded  by  water  in  a  calorimeter,  C.    The  water,  which 

rains  the  motion  of  the  stirrer,  becomes  warmer,  owing  to 

e  change  of  work  into  heat.    The  amount  of  work  in  gram 

ralimeters  done  in  heating  the  water  is  the  product  of  the  mass 

I  grams  of  the  weight  and  the  distance  of  its  descent  in 
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centimeters.  The  amount  in  calories  of  heat  produced  is  the 
product  of  the  rise  in  temperature  in  degrees  C.  and  the  mass, 
in  grams,  of  water  plu»  the  water  equivalent  of  the  heated  parts 
of  the  calorimeter. 

By  means  of  this  apparatus  Joule  foimd  pretty  closely  the 
number  of  gram  centimeters  of  work  equivalent  to  one  calorie 
of  heat.  More  refined  work  since  then  has  shown  that  otu 
calorie  is  equal  to  42,^00  gxm.  This  ratio  is  called  the  mechanical 
equivalent  of  heat.  This  means,  for  example,  that  one  gram 
falling  42,700  cm.  (a  little  over  a  quarter  of  a  mile)  produces  one 
calorie. 

371.  The  Conservation  of  Energy. — ^At  the  time  Joule  began 
his  experiments  in  1840  it  was  not  at  all  clear  that  the  amoimt 
of  heat  produced  by  a  given  amoimt  of  work  (kinetic  or  pK)tential 
energy)  was  definite.  It  seemed  possible,  if  not  probable,  that 
different  modes  of  changing  work  into  heat  would  give  different 
values  for  the  mechanical  equivalent.  So  Joule  used  not  only 
the  method  and  apparatus  already  described  but  also  two  others. 
His  three  methods  and  the  mechanical  equivalent  of  one  calorie 
were  as  follows:  (i)  stirring  water  in  a  brass  vessel  with  a  brass 
paddle,  42,400  g.cm.;  (2)  stirring  mercury  in  an  iron  vessel 
with  an  iron  paddle,  42,500 g.cm.;  (3)  rubbing  two  iron  rings 
together  under  mercury,  42,500  g.cm. 

The  very  close  agreement  of  the  results  of  the  three  exj>eri- 
ments  led  Joule  to  conclude  that  the  amount  of  heat  produced 
by  a  given  amount  of  work  is  always  the  same,  by  whatever  way  the 
work  is  changed  into  heat.  This  result  has  been  amply  confirmed 
by  all  later  experiments  and  experience.  When  work  of  any 
kind  (mechanical  energy,  either  kinetic  or  potential)  is  changed 
into  heat  there  is  no  real  loss  or  destruction  of  energy,  since  the 
heat  produced  is  also  energy  in  another  form  and  exactly  equal 
in  amount  to  the  work  done  in  producing  it..  This  conclusion 
is  concisely  stated  in  the  Law  of  the  Conservation  of  Energy: 
Energy  is  indestructible. 

Just  as  the  law  of  the  conservation  (indestructibility)  of 
matter  (21)  is  the  foundation  stone  of  the  science  of  chemistry, 
so,  similarly,  this  law  of  the  conservation  (indestructibility) 
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■of  energy  is  the  solid  rock  upon  which  the  whole  structure  of  the 

nCKnce  of  physics  rests. 

P  372,  Other  Forms  of  Energy. — We  have  defined  the  term 
energy  as  the  power  of  doing  work;  and  since  heat  is  also  a  form 
of  energy,  we  might  extend  the  de&nitiou  so  as  to  read:  Energy 
M  Uk  power  to  do  work  or  produce  heat.  According  to  this  defini- 
tion  of  energy  it  is  obvious  that  light  and  even  sound  and  cspe- 
ciaUy  electric  currents  are  also  forms  of  energy,  since  each  of 
these  by  appropriate  means  can  produce  work  or  heat. 

373.  Chemical  Energy. — For  the  chemist  an  important  ques- 
tion now  arises:  WTiat  shall  be  said  of  the  source  of  energy  that 
produces  the  great  heat  of  a  burning  substance?  This  question 
is  somewhat  like  the  one,  What  is  the  source  of  energy  of  a 
"wound-up"  watch  spring?  To  wind  up  the  spring  a  certain 
mount  of  work  must  be  done.  Is  it  not  reasonable  to  say  that 
the  energy  used  in  winding  up  the  spring  has  been  "stored  up" 
in  the  coiled  spring?  If  so,  we  may  say  that  this  energy  is 
dunged  into  potential  energy,  Just  as  we  say  that  the  energy 
required  to  lift  a  weight  is  changed  into  potential  energy  and 
CM  be  regained  as  useful  work  then  the  weight  is  allowed  to 
ilescend.  Reasoning  somewhat  similarly,  we  may  conclude  that 
the  energy  given  out  as  heat  in  the  burning  of  hydrogen,  for 
which  we  have 

H,+JO.-»H,0-i-68.Soo  cal., 

comes  from  some  form  of  potential  energy  which  has  been  stored 
up  in  the  two  gases.  This  conclusion  is  rendered  highly  probable 
by  reason  of  the  fact  that  by  means  of  an  electric  current  (elec- 
Kc«l  energy)  we  can  decompose  water  into  hydrogen  and  oxygen. 
Snce  the  electrical  energy  disappears  and  very  little  heat  is 
lonned,  we  may  very  reasonably  conclude  that  it  has  been 
changed  Into  some  sort  of  potential  energy  stored  up  in  the  two 
*  formed  from  the  water.  The  form  of  potential  energy 
d  up  in  chemical  substances  and  liberated  when  they  react 
led  chemical  energy. 

M.  The  Sun  as  a  Source  of  Energy.— It  will  be  interesting 
ace  some  familiar  form  of  energj'  through  various  trans- 
lations back  to  its  source.    Take,  as  an  example,  the  energy 
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given  out  as  light  and  heat  by  an  electric  lamp.  The  energy 
comes  to  the  lamp  as  an  electric  current  having  electrical  energy. 
This  electrical  energy  was  produced  in  a  dynamo  or  generator, 
the  armature  (the  moving  part)  of  which  was  turned  by  a  steam 
engine.  The  kinetic  energy  of  the  engine  was  derived  from  hot, 
compressed  steam  produced  from  water  by  the  burning  of  coal 
which  has  resulted  from  the  slow  transformation  of  vegetable 
matter. 

Plants  derive  nearly  all  of  their  substance  from  water  and 
the  carbon  dioxide  of  the  air  under  the  influence  of  the  light  and 
heat  of  the  sun.  A  great  deal  of  energy  is  taken  up  by  plants 
as  light  and  heat  and  is  stored  as  chemical  energy  in  the  sub- 
stances composing  them,  as  well  as  in  the  oxygen  which  is  set 
free  by  the  growing  plant.  Recapitulating,  we  see  that  the 
light  and  heat  from  the  sun  are  changed  by  growing  plants  into 
chemical  energy;  this  energy  is  largely  conserved  when  plants 
are  changed  into  coal.  When  the  coal  bums,  its  chemical 
energy,  supplemented  by  that  of  the  oxygen  of  the  air,  is  changed 
into  heat,  which  is  in  turn  changed  into  kinetic  energy  in  the 
steam  engine.  The  kinetic  energy  of  the  engine  is  then  changed 
by  a  dynamo  into  electrical  energy,  and  the  latter  produces  in 
the  lamp  heat  and  light. 


CHAPTER  XVII 


THE  IONIC  HYPOTHESIS 


375.  The  Ionic  Hypothesis.— This  chapter  will  treat  of  the 
|)COperties  and  behavior  of  acids,  bases,  and  salts  and  aims  to 

how  how  a  supposition  called  the  ionic  hjrpothesis  furnishes  a 
tetisfactory  explanation  of  many  facts. 

376.  The  Two  Parts  of  a  Salt. — It  must  have  been  noticed 
lat  a  salt  is  made  up  of  two  parts,  the  metallic  or  basic  part  and 
le  non-metallic  or  acidic  part.    The  latter  may  be  an  element 

Kke  chlorine  in  sodium  chloride;  or  it  may  be  a  radical  (147) 
Eke  SOj,  which  is  contained  in  every  sulfate.  The  name  of  a 
Bit  alwaj's  indicates  the  parts  of  which  it  may  be  considered  as 
leing  made  up.  Thus  potassium  nitrate,  KNOj,  is  composed 
|[ potassium  and  nitrate  radical,  NOj;  and  calcium  carbonate, 
EsCO,,  of  calcium  and  carbonate  radical,  CO3. 

377.  The  Two  Parts  of  an  Acid. — Every  add  may  also  be 
isidered  as  made  up  of  two  parts,  one  of  which  is  hydrogen 
d  the  other  the  characteristic  acid  radical  of  that  acid.  For 
mple,  sulfuric  acid,  H,SO^,  may  be  considered  to  consist  of 

ydrogen  and  sulfate  radical,  SOjj  and  phosphoric  acid,  HjPO,, 
Q  consist  of  hydrogen  and  phosphate  radical,  PO4-  For  this 
L  SO,  and  PO4  may  be  called  acidic  radicals.  Dilute 
Rilutions  of  pronounced  adds  have  a  sour  taste.  Since  hydro- 
n  is  the  only  constituent  which  all  acids  have  in  common,  we 
Bay  reasonably  conclude  that  the  sour  taste  is  due  lo  the  E 
Vdical. 

378.  The  Two  Parts  of  a  Base.— A  base  is  usually  the 
Otiroxide  of  a  metallic  element,  and  it  may  therefore  be  con- 
idered  as  made  up  of  two  parts,  the  metal  and  the  hydrozyl 

OH.  Thus  sodium  hydroxide,  NaOH,  consists  of 
odium  and  hydroxy  1  radical,  OH.  Ammonium  hydroxide, 
iHjOH,  may  be  considered  as  made  up  of  ammonium  radical, 
H,,  aad  hydroxyl.     Consequently  the  ammonium  radical  may 
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be  called  a  basic  radical.    It  is  the  only  basic  radical  that  we 
have  studied,  although  many  others  are  known. 

379.  The  Process  of  Neutralization. — ^The  two  following 
equations  represent  typical  cases  of  neutralization: 

NaOH+HCl->NaCl+HaO ; 
NH40H+HN03->NH4N03+HaO. 

We  notice  that  in  each  case  the  salt  which  is  formed  is  made  up 
of  two  parts,  one  of  which  comes  from  the  base,  the  other  from 
the  acid.  The  remaining  parts  of  acid  and  base,  H  and  OH, 
unite  to  form  water.  We  might  call  water  hydrogen  hydroxide 
and  think  of  it  as  being  made  up  of  two  parts  hydrogen  and 
hydroxyl  radical.  The  process  of  neutralization  consists,  there- 
fore, merely  of  an  exchange  of  partners,  so  to  speak,  on  the  part 
of  the  base  and  the  acid. 

As  a  matter  of  fact,  not  only  can  neutralization  be  represented 
in  this  way,  but  most  reactions  in  water  solution  between  acids, 
bases,  and  salts  which  do  not  involve  oxidation  or  reduction 
may  be  regarded  as  an  exchange  of  the  partners  of  the  reagents 
initially  used.    This  will  be  made  clear  by  the  following  examples. 

380.  Reactions  of  Barium  Salts  with  Sulfates. — If  we  add 
dilute  sulfuric  acid  to  a  dilute  solution  of  barium  chloride  a  white 
precipitate  of  barium  sulfate  is  formed, 

HaS04+BaCla->BaS04+2HCl. 

A  precipitate  of  barium  sulfate  also  results  when  a  solution 
of  any  barium  salt  is  added  to  a  solution  of  any  sulfate,  as 
illustrated  by  the  following  equations: 

KaS04+Ba(N03).->BaS04+2KN03, 
CuS04+BaBr,->BaS04+CuBra. 

This  is  so  generally  true  that  the  formation  of  a  precipitate 
of  barium  sulfate  upon  the  addition  of  a  solution  of  a  bariiun 
salt  to  some  other  solution  shows  that  this  second  solution  con- 
tains the  sulfate  radical,  SO4,  in  the  form  either  of  a  sulfate  or 
of  sulfuric  acid.  We  say  therefore  that  the  formation  of  a 
precipitate  of  barium  sulfate  when  a  solution  of  a  barium  salt  is 
added  to  another  solution  is  a  test  for  the  sulfate  radical.    It  is 
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important  to  note  that  it  is  the  SO^  radical,  and  not  sulfur  or 
oiygea  or  a  combination  of  the  two  in  some  other  proportion, 
ihat  responds  to  this  test.  A  solution  of  hydrogen  sulfide, 
H,S  (339),  which  may  be  considered  as  being  made  up  of  two 
parts,  hydrogen  and  sulfur,  does  not  give  a  precipitate  of  any 
sort  with  a  solution  of  a  barium  salt.  Furthermore,  pure  dilute 
sulfurous  acid,  HjSOj  (340),  which  is  made  up  of  hydrogen  and 
sulfite  radical,  SOj,  does  not  give  a  precipitate  when  mixed  with 
a  barium  salt  solution. 

361.  Reactions  of  Simple  Lead  Salts. — Lead  sulfate,  PbSOf, 

ii  also  a  white  insoluble  salt.     If  we  add  a  solution  of  any 

^rimple  lead  salt  to  a  dilute  solution  of  sulfuric  acid  or  any  soluble 

^■dfate,  we  obtain  a  white  precipitate  of  lead  sulfate, 


Na.SO,+ Pb(NOj),-^PbSO,+ 3  NaNOj. 


In  this  case,  just  as  in  the  precipitation  of  barium  sulfate,  it  is 
the  sulfate  radical,  SO^,  which  has  united  with  the  lead  to  form 
the  precipitate. 

Il  is  aiso  of  equal  interest  to  note  that  if  the  nitrate  of  barium 
or  of  lead  is  used,  the  nitrate  radical,  NOj,  is  left  in  combination 
with  the  basic  clement  or  radical  which  was  originally  combined 
"ilh  the  sulfate  radical. 

383.  The  Reaction  of  Silver  Salts  with  Chlorides.— We  have 
ilteady  learned  that  a  solution  of  silver  nitrate  reacts  with 
hydrochloric  acid  or  a  chloride  to  give  a  white  precipitate  of 
»l»er  chloride: 


.■\bNOj + NaCl-»AgCl +NaNOj. 


C169) 


A  solution  of  any  simple  silver  salt  reacts  similarly  with  hydro- 
chloric acid  or  any  chloride,  so  that  we  may  think  of  the  reaction 
as  characteristic  and  call  it  a  test  for  silver  salts.    This  reaction 
is  qwcifically  that  of  the  chloride  radical;  for  if  we  add  silver 
Jutrate  solution   to   a   solution   of  potassium  chlorate,  KCIO, 
■to),  no  apparent   change  is  observed;    certairdy  no  silver 
lloride  is  formed,  otherwise  the  latter,  being  insoluble,  would 
rate  out  as  a  wliite  precipitate.     This  shows  that  chlor- 
( in  the  chlorate  radical,  ClOj,  behaves  entirely  differently 
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from  chlorine  in  the  form  of  a  chloride.  We  also  find  that 
solutions  of  perchlorateSy  of  which  potassium  perchlorate, 
KCIO4  (355),  is  an  example,  do  not  give  precipitates  with  solu- 
tions of  silver  salts.  It  is  possible  to  make  both  silver  chlorate, 
AgClOj,  and  silver  perchlorate,  AgC104,  by  methods  which  we 
need  not  consider  at  present,  and  it  is  found  that  these  salts  are 
entirely  different  from  silver  chloride,  and  that  both  are  easily 
soluble  in  water. 

This  brief  review  of  reactions,  most  of  which  have  already 
been  studied,  is  sufficient  to  illustrate  the  subject  in  hand,  but 
many  other  examples  of  the  same  principle  will  be  found  in  the 
previous  chapters. 

383.  Summary  and  Conclusions. — ^The  observations  which 
we  have  made  are  typical  for  all  adds,  bases,  and  salts.  Each 
may  be  shown  to  be  made  up  of  two  parts.  In  the  examples  we 
have  studied  these  are,  on  the  one  hand,  hydrogen,  a  metal,  or 
the  ammonium  radical,  and,  on  the  other,  hydroxyl,  a  halogen, 
sulfur,  or  an  acid  radical.  Hydrogen  is  one  of  the  two  parts  of 
every  acid,  and  hydroxyl  one  of  the  two  parts  of  every  base. 
In  chemical  reactions  between  acids  and  bases,  acids  and  salts, 
bases  and  salts,  and  between  two  salts  (where  oxidation  and 
reduction  do  not  occur)  the  two  substances  simply  exchange 
parts.  This  kind  of  chemical  change  is  called  double  decompo- 
sition (337)  or  metathesis.  The  chemical  reactions  which  acids, 
bases,  and  salts  give  are  in  reality  only  the  reactions  of  their  parts. 

Finally  it  should  be  noted  that  the  recombination  of  these 
parts  always  takes  place  between  the  basic  or  metallic  part  on 
the  one  hand  and  the  acidic  or  the  non-metallic  part  on  the 
other.  Double  decompositions  in  water  solutions  never  give 
compounds  such  as  ElNa  or  CISO4.  This  is  a  striking  observa- 
tion, and  the  fact  that  we  have  as  yet  no  explanation  for  it 
warns  us  at  once  that  we  must  go  farther  in  our  observations 
to  understand  even  the  most  commonplace  of  these  reactions. 

384.  Double  Decomposition  and  Electrical  Conductivity.'— 
Along  with  the  ability  to  undergo  double  decompositions,  acids, 
bases,  and  salts  in  their  water  solutions  have  the  property  of 
conducting  the  electric  current.    If  we  set  up  a  battery,  a 
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IjaJvanumcter,  and  a  salt  solulioii  in  the  manner  shown  in 
I  Fig.  46,  using  platinum  electrodes  and  a  sufficient  number  of 
I  dry  cells  or  other  source  of  current  to  give  a  suitable  deflection 
(rf  the  galvanometer,  we  shall  find  that  if  we  replace  the  solution 
liy  distilled  water  practically  no  current  will  be  indicated  by  the 
ealv'anonieter.  We  also  find  that  if  dry  salt  is  substituted  for 
the  solution  no  current  will  pass.  If  now  we  pour  distilled 
«uter  on  the  salt  while  the  latter  is  still  in  contact  with  the 
electrodes,  a  current  begins  to  pass  through  the  solution  of  salt 
which  is  quickly  formed. 


These  results  lead  to  the  conclusion  that  neither  pure  water 
iwr  dry  salt  conducts  the  current  appreciably  compared  with 
the  solution  formed  from  salt  and  water.  All  other  soluble 
ive  similarly.  It  is  also  easily  discovered  by  experi- 
t  dry  (water-free)  bases  and  acids  are  no  better  con- 
%  than  dry  salts,  although  water  solutions  of  acids  and 
8  good  conductors.  Water  solutions  of  other  substances 
t,  bases,  and  salts  do  not  conduct  electricity  any  better 
s  pxire  water, 
e  close  connection  which  always  exists  between  electrical 
iducljvity  and  the  ability  of  a  mixture  to  undergo  double 
composition  is  illustrated  by  the  following  experiment.  Ferric 
!  and  sodium  carbonate  can  be  mked  dry  without  any 
arent  change;  but  let  the  mixture  once  be  wet  with  water, 
mediately  a  violent  evolution  of  gas  follows  and  a  red 
ipitate  of  ferric  hydroxide  appears.  That  the  mixture  of 
'  substances  is  a  non-conductor  is  shown  by  placing  it 
e  dry  beaker.  Fig.  46.  No  current  passes,  but  when  water 
I  the  substances  dissolve,  and  the  solution  so  formed 
KiUcts  the  current.     At  the  same  time  the  chemical  reaction 
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begins  vigorously.  Since  chemical  reactivity  and  electrical  con- 
ductivity  seem  therefore  to  go  hand  in  hand,  we  shall  next  study 
the  behavior  of  solutions  of  acids,  bases,  and  salts  when  an  electric 
current  is  passed  through  them. 

385.  The  Electrolysis  of  Solutions. — ^We  have  already  learned 
that  the  electrolysis  of  concentrated  hydrochloric  acid  sets  free 
hydrogen  and  chlorine  (43),  and  that  the  electrolysis  of  common 
salt  (238)  yields  these  same  gases  and  in  addition  forms  sodium 
hydroxide.  In  the  case  of  hydrochloric  acid,  electrolysis  simply 
causes  the  separation  of  the  two  constituents, 

HC1->H+C1. 

On  being  set  free  the  atoms  of  the  two  elements  each  form 
diatomic  molecules,  thus, 

2H->Ha,  and  2Cl->Cla. 

These  last  reactions  are  doubtless  secondary;  and  for  the  sake 
of  brevity,  in  the  examples  of  electrolysis  that  follow,  reactions 
of  this  kind  will  be  indicated  by  separate  equations  without 
further  comment. 

In  the  case  of  the  electrolysis  of  common  salt  it  seems  pos- 
sible, as  already  explained  (238),  that  the  first  change  is  a 
separation  into  sodium  and  chlorine,  thus: 

NaCl->Na+Cl, 
2C1->CU. 

The  sodium  then  reacts  with  the  water  present  to  form  sodium 
hydroxide  and  hydrogen: 

Na+HaO->NaOH+H, 

2H->Ha. 

Whether  this  is  the  only  possible  explanation  of  the  way  the 
changes  take  place  can  best  be  discussed  later;  but  it  can  be 
pointed  out  here  that  the  foregoing  equation  would  demand  that 
the  sodium  hydroxide  should  be  formed  at  the  electrode  at  which 
the  hydrogen  is  given  oflF;  and  this  is,  in  fact,  the  case.  When 
hydrogen  is  set  free  in  the  electrolysis  of  any  substance  it  always 
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»rs  at  the  negative  electrode  or  cathode,  while  chlorine  is 
crated  only  at  the  positive  electrode  or  anode. 

6.  The  Electrolysis  of  Copper  Salts. — If  a  soIuUoq  of 
:  chloride,  CuCl,,  is  electrolyzed  between  platinum  poles 
or  electrodes,  copper  is  deposited  on  the  negative  pole  and 
chlorine  gas  is  set  free  at  the  positive  pole.  Here  again,  as  in 
the  case  of  hydrochloric  acid,  we  have  the  simplest  possible 
tind  of  a  change,  as  represented  by  the  following  equation: 
CuCl,-^Cu+2Cl, 

2C1->C1,. 

1/  copper  sulfate,  CuSO,,  is  electrolyzed,  a  plating  of  metallic 
lopper  is  again  formed  on  the  negative  electrode,  while  from  the 
;>jiiUve  electrode  oxygen  gas  is  gi\'en  off.  Examination  of 
ihe  products  after  electrolysis  shows  that  sulfuric  acid  is  con- 
tained In  the  solution  surrounding  the  positive  electrode.  In 
Utt,  if  the  electrolysis  is  continued  until  all  the  copper  in  the 
original  solution  is  deposited,  all  the  sulfate  radical  of  the 
"Hginal  copper  sulfate  is  changed  into  sulfuric  acid,  and  this 
acid  is  contained  in  the  part  of  the  solution  surrounding  the 
positive  electrode.  The  formation  of  sulfuric  acid  and  oxygen 
may  be  explained  by  supposing  the  copper  sulfate  to  be  separated 
by  the  electric  current  into  copper  and  sulfate  radical,  SOj,  and 
ihat  the  latter  reacts  with  water  to  form  sulfuric  acid  and  oxygen: 
SO.+H,0-*H,S0^+O, 

20^0,. 

387.  The  Electrolysis  of  Silver  Nitrate. — If  an  electric  cur- 
rent is  passed  throughasolutionof  silver  nitrate,  AgNOj,  silver  is 

I  tleposited  on  the  negative  electrode  and  oxygen  and  nitric  acid 
^r  at  the  positive  electrode.     Probably  silver  nitrate  is 
t  separated  into  silver  and  nitrate  radical,  NOj;   the  latter 
n  reacts  with  water  to  form  nitric  acid  and  oxygen: 
jNO,+ H,0^  jHNOj + 0, 

388.  Summaiy. — In  Table  XIV  we  have  summarized  the 
ults  just  discussed,  leaving  out  of  consideration  the  secondat\ 
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changes  that  often  take  place  between  the  substance  set  free  and 
the  water.  We  see  that  the  parts  into  which  a  substance  is  separated 
by  electrolysis  are  the  same  as  those  which  change  partners  in  double 
decomposition  reactions. 

TABLE  XIV 
Immediate  Products  of  Electrolysis 


Liberated  at 

Original 

Liberated  at 

Negative  Plate 

Substance 

Positive  Plate 

H 

HCl 

CI 

Na 

NaCl 

CI 

Cu 

CuCla 

2CI 

Cu 

CUSO4 

SO4 

Ag 

AgNO, 

NO, 

389.  The  Terms  Used  in  Electrolysis. — ^The  phenomena  of 
electrolysis  were  very  carefully  studied  about  1834  by  Faradayi 
who,  as  we  shall  see,  discovered  many  important  facts.  It  was 
Faraday  also  who  invented  the  terms  electrolysis,  electrolyze, 
electrode,  anode,  and  cathode.  He  called  the  solution  the 
electrolyte,  but  at  present  we  use  this  term  to  mean  the  dissolved 
substance.  That  part  of  the  electrolyte  which  during  electrolysis 
is  deposited  or  set  free  at  the  anode  or  positive  electrode  he 
called  the  anion.  The  other  part,  which  goes  to  the  cathode,  he 
called  the  cathion.  Frequently  he  had  occasion  to  speak  of 
anions  and  cathions  together,  and  then  he  referred  to  them  as 
the  ions  of  the  electrolyte.  For  example,  the  ions  of  copper 
sulfate  are  said  to  be  copper  and  sulfate  radical,  because  in 
electrolysis  copper  passes  to  and  is  deposited  on  one  electrode, 
while  the  sulfate  radical  goes  to  the  other.  Of  course  at  some 
time  or  other  the  radicals  or  the  partners  of  the  original  elec- 
trolyte must  have  broken  apart,  otherwise  they  could  not  have 
arrived  at  poles  distant  from  each  other. 

390.  Hydrogen  and  Metals  as  Cathions. — ^We  may  next  con- 
sider how  the  composition  of  the  ions  of  a  substance  can  be 
discoverefd. 

In  the  case  of  such  a  simple  substance  as  HCl  it  is  obvious 
that  the  ions  are  hydrogen  and  chlorine,  hydrogen  being  the 
cathion  and  chlorine  the  anion.    Since  all  acids  upon  electrolysis 
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*off  hydrogen  at  the  cathode,  we  may  conclude  that  hydrogen 
btke  calhian  of  all  acids. 

When  salts  are  electrolyzed  the  metal  is  either  deposited  in 
'  neUUic  form  on  the  cathode,  as  in  the  case  of  copper  and  silver 
sails,  or  it  collects  in  the  solution  about  the  cathode  in  the  form 
of  hydroxide,  as  when  common  salt  is  used.  These  facts  lead 
In  lie  conclusion  that  tite  basic  or  metallic  elements  of  sails  are 
filkions. 

591.  Acid  Radicals  as  Anions. — On  the  other  hand,  the  acid 
ciemeDts  of  radicals  of  acids  and  salts  accumulate  at  the  anode 
md  are  either  given  off  as  free  elements,  as  in  the  case  of  chlorine, 
bromine,  and  iodine,  or  they  react  with  water  to  form  acids  and 
iji)'gen,  as  in  the  case  of  sulfate  and  nitrate  radicals. 

39i.  Ions  and  Chemical  Reactions. — It  would  thus  appear, 
irom  what  has  just  been  stated,  that  the  ions  of  an  acid  or  salt 
ire  the  same  as  the  two  parts  of  which  its  chemical  reactions 
show  it  to  be  composed.  It  may  be  added  that  there  is  good 
rr-asoQ  for  thinking  that  the  same  statement  also  applies  to 
iioses.  The  cathion  of  a  base  is  usually  a  metal;  the  anion 
i=  the  hydroxyl  radical, 

393.  Positive  and  Negative  Ions.— The  cathode  is  the  electro- 
negative electrode;  to  it  go  the  cathions.     Since  it  is  well  known 
that   a    negatively    charged    body    repels   another   negatively 
diarged  body  and  attracts  one  which  is  positively  charged,  it  is 
not  unreasonable  to  attribute  the  movement  of  ions  to  electrical 
attnction,  and   to  conclude  that  cathions  are  electro  positively 
charged.     Since   the   anode   is  electropositive,  the   anions  are 
thought  to  be  charged  electronegalively.     It  is  customary  to  call 
hions  positive  ions,  and  anions  negative  ions. 
I  394.  The  Cause  of  the  Union  of  Ions. — ^Attention  has  been 
ped  to  the  fact  that  in  reactions  in  solution  basic  or  metallic 
^cals  unite  only  with  acidic  or  non-metalhc  radicals  (383), 
1  that  unions  of  basic  radicals  with  one  another  never  occur; 
:  is,  double  decompositions  in  water  solutions  never  give 
s  such  as  KNa  and  CISO,.     We  are  now  in  position  to 
a  these  important  facts.    We  have  learned  that  the  radicals 
.,  bases,  and  salts  are  identical  with  their  ions,  and  that 
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the  ions  are  probably  electrically  charged,  the  basic  or  metallic 
ones  being  positively,  the  acidic  or  non-metallic  negatively, 
charged.  We  can  therefore  simmiarize  by  stating  that  in 
reactions  only  ions  of  unlike  electric  charges  unite  with  one  another. 
The  reason  for  this  is  that  ions  with  unlike  electric  charges 
attract  each  other,  and  that  those  with  like  charges  repel  each 
other.  The  chemical  union  of  ions  is  an  electrical  phenomenon 
and  is  due  to  the  attractive  force  of  unlike  electric  charges  carried 
by  the  ions. 

395.  Colors  of  Ions. — ^The  student  has  doubtless  already 
observed  that,  although  most  salts  and  their  solutions  are  color- 
less, a  considerable  number  are  colored.  A  little  investigation 
will  show  that  very  dilute  solutions  of  equal  concentration  of 
all  cupric  salts  of  colorless  acids  are  of  the  same  shade  and 
intensity  of  blue  color.  This  fact  leads  us  to  believe  that  the 
blue  color  is  due  to  copper  ions,  which  is  the  only  substance  which 
all  the  solutions  have  in  common.  Moreover,  we  find  that  the 
colors  of  all  dilute  solutions  of  colored  acids,  bases,  and  salts 
can  be  ascribed  to  the  colors  of  their  ions. 

If  the  dilute  solution  of  any  acid,  base,  or  salt  is  colorless, 
like  pure  water,  we  may  conclude  that  its  positive  and  negative 
ions  are  both  colorless.  If  a  dilute  colored  solution  of  an  elec- 
trolyte has  one  colorless  ion  we  conclude  that  the  observed 
color  is  that  of  the  other  ion.  Thus  we  find  that  all  dilute 
ferrous  solutions  (i73i  331)  are  pale  green  and  conclude  that 
ferrous  ion  is  pale  green.  Manganous  salts  (342)  (for  example, 
MnCla  and  MnSOj  give  pale  pink  solutions,  therefore  positive 
Mn  ion  is  pale  pink.  On  the  other  hand,  dilute  solutions  of  all 
permanganates  (343)  are,  like  KMn04,  deep  purple,  and  we 
conclude  that  negative  MnO^  ion  is  purple.  Similar  reasoning 
leads  us  to  conclude  that  negative  CrO^  ion  is  yellow  (345)  and 
negative  Cr/)^  ion  is  orange  (34s),  while  positive  Cr  ion  is  violet 
(344).  The  color  of  a  dilute  solution  is  usually  an  indication  of 
the  nature  of  one  of  its  ions. 

396.  Colors  of  Molecules.  Dissociation  of  Molecules  into 
Free  Ions. — ^Although  dilute  solutions  of  all  cupric  salts  are 
blue  the  solid  salts  and  also  their  concentrated  solutions  are  in 
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reral  cases  of  a  different  color.  Thus  cupric  chloride,  CuCl], 
in  solid  form  and  in  concentrated  solution  is  green,  and  cupric 
btvniide.  CuBr,,  which  forms  almost  black  crystals,  gives  a 
ciiocentrated  solution  which  is  dark  brown;  but  if  this  brown 
solution  is  sufficiently  diluted  the  color  gradually  changes  to 
blue,  finally  reaching  the  same  shade  of  color  as  that  of  any 
other  equally  dilute  cupric  solution.  A  simple  explanation 
Iff  these  color  changes  is  found  in  the  assumption  that  the  dark. 
brown  color  is  that  of  the  molecules,  CuBfj,  while  the  blue  color 
is  due  to  Cu  ions.  From  the  fact  that  many  dilute  solutions 
of  bromides  are  colorless  we  conclude  that  Br  ions  are  colorless. 
By  following  up  this  idea,  we  are  led  to  a  very  remarkable  con- 
dusion,  namely,  that  molecules  of  CuBr,  exist  only  in  the  solid 
i'Mte  and  in  concentrated  solutions  but  not  to  an  appreciable 
atcnt  in  very  dilute  solutions.  This  is  accounted  for  if  we 
i-sume  as  the  concentrated  solution  is  diluted  molecules graduaily 
i>lit  up  or  dissociate  into  ions,  thus: 

CuBr,-*Cu+2Br, 

■^j  that  in  a  dilute  solution  the  substance  exists  largely  as  free  Cu 
md  Br  ions.  If  we  evaporate  the  dilute  blue  solution  we  again 
■ibtain  a  brown  concentrated  solution  and  finally  brown  crystals. 
We  must  therefore  assume  that  the  change  is  a  reoersible  one,  the 
ions  reuniting  to  form  molecules  as  the  solution  is  evaporated. 
Further  evidence  of  the  existence  of  free  ions  is  afforded  by  the 
ments  next  to  be  considered. 


Fio.  47 

_  397.  The  Migration  of  Ions. — Let  us  take  advantage  of  the 
eolof  of  ions  to  discover  their  behavnor  during  the  process  of 
rieclrol)-*is.  In  the  U-tube,  Fig.  47,  we  may  put  a  solution  of 
t  colored  electrolyte  in  the  lower  layer  and  colorless  electrolytes 


23« 


Introduction  to  General  Chemistry 


in  the  layers  next  to  the  electrodes.  As  colored  electrolytes  we 
may  use  copper  nitrate  or  potassium  permanganate.  When  the 
current  is  turned  on,  the  boundary  of  each  colored  electrolyte 
slowly  moves  up  into  one  of  the  colorless  layers  above  it,  just 
as  we  would  expect  if  the  colored  material  is  the  free  ion  which 
carries  a  charge  of  electricity.  Thus  positive  copper  ion  migrates 
toward  the  negative  electrode,  and  negative  permanganate  ion 
migrates  toward  the  positive  electrode.  We  c^n  carry  out  an 
experiment  with  a  mixture  of  these  two  colored  salts  in  the  lower 
layer.  The  purple  layer  now  shows  on  the  side  of  the  positive 
electrode,  and  the  blue  layer  shows  on  the  side  of  the  negative 
electrode  just  as  before.  Thus  we  find  that  each  ion  migrates 
just  as  though  the  other  were  not  there;  and  this,  in  fact,  is 
just  what  we  should  expect  if  a  dilute  solution  contains  free 
ions  formed  by  dissociation  of  its  molecules. 

398.  The  Mechanism  of  Electrolysis. — We  can  now  make  a 
fairly  complete  picture  of  the  mechanism  of  the  conduction  of 
the  current  through  a  solution  and  of  the  accompanying  elec- 
trolysis. We  shall  assume  that  in  the  dilute  solution  the  dis- 
solved  substance   is  partially   dissociated  into  positive   and 

negative  ions.  Fig.  48 
represents  diagrammati- 
cally  such  a  solution 
in  which  the  two  elec- 
trodes are  dipped,  con- 
nected with  a  pair  of 
~^  dry  cells.  The  cells 
charge  the  electrodes, 
one  positively,  the  other  negatively.  The  influence  of  these 
charges  is  felt  by  the  ions  in  the  solution.  The  positive  ions 
are  attracted  by  the  negative  electrode  and  repelled  by  the 
positive  electrode  and  in  consequence  migrate  toward  the 
former.  The  negative  ions  move  in  the  opposite  direction  for 
similar  reasons. 

When  ions  come  into  contact  with  the  electrodes  of  unlike 
sign  they  give  up  their  charges  to  the  electrodes.  This  tends 
to  discharge  the  latter,  but  the  battery  keeps  them  charged  by 
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continuously  sending  a  current  of  electricity  through  the  wires. 
A  more  detaOed  description  of  the  mechanism  of  electrolysis, 
in  terms  of  the  newer  views  of  the  nature  of  electricity,  will  be 
given  in  chapter  xx. 

399.  Faraday's  Laws  of  Electrolysis. — Ks  the  result  of  care- 
ful experimental  investigation  of  the  quantities  of  substances 
liberated  during  electrolysis,  Faraday  arrived  at  the  following 
conclusions: 


^ 


Fig.  49 

1.  The  amount  of  a  given  substance^  say  hydrogen,  set  free  by 
electrolysis  is  directly  proportional  to  the  quantity  of  electricity 
which  is  passed  through  the  solution, 

2.  The  amount  of  a  substance,  hydrogen  for  example,  which 
is  liberated  by  a  fixed  quantity  of  electricity  is  the  same,  whatever 
the  nature  of  the  solution  electrolyzed,  provided  that  this  substance 
flni  nothing  else  is  liberated  at  the  given  electrode.  These  two 
statements  are  known  as  Faraday's  Laws  of  Electrolysis. 

400.  Two  Electrical  Units. — ^To  understand  these  laws  fully 
we  must  review  briefly  some  fimdamental  facts  about  the  elec- 
trical current  so  that  we  can  appreciate  what  is  meant  by 
quantity  of  electricity.  In  the  first  place  we  know  that  if  a 
current  passes  through  a  wire  there  is  produced  around  the  wire 
a  magnetic  field.  If  we  attach  a  thread  to  the  middle  of  a 
niagnetized  steel  needle  and  suspend  the  latter  above  and 
parallel  to  a  wire,  then  as  soon  as  we  cause  a  current  of  elec- 
Wdty  to  pass  through  the  wire  the  needle  sets  itself  at  an  angle 
to  the  former,  Fig.  49.  .  The  greater  the  angle  between  the 
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needle  and  the  wire  the  stronger  is  the  magnetic  field,  anc 
stronger  the  current  is  said  to  be.  It  is  on  this  principle 
instruments  are  built  to  measure  current  strength.  Of  co 
to  measure  anything  we  must  first  adopt  some  fundam* 
unit  by  comparison  with  which  the  measurement  can  be  n 
This  was  done  in  the  case  of  the  electric  current  on  the  baj 
the  strength  of  the  magnetic  field  about  a  conductor,  and 

unit  was  called  the  ampere.  The  amn 
(Fig.  50)  allows  us  to  read,  from  the 
tion  occupied  by  the  needle  on  its  scale 
how  many  amperes  of  current  are  pas 
The  amperage  tells  us  the  strengi 
the  current,  but  we  must  also  kno^ 
time  during  which  the  current  is  allowi 
pass  if  we  are  to  know  the  amoimt  of 
tricity  delivered  at  the  terminals  of  the 
ductor,  say  at  two  electrodes.  If  a  current  of  one  ampe 
allowed  to  flow  one  second  it  is  said  to  deliver  a  unit  quanta 
electricity,  and  this  unit  is  called  the  coulomb. 

401.  Illustration  of  Faraday's  Laws. — The  following 
win  serve  to  illustrate  the  meaning  of  Faraday^s  laws.  B] 
electrolysis  of  dilute  acids  hydrogen  is  set  free  at  the  neg 
electrode.  In  all  cases  the  passage  of  96,500  couloml 
electricity  is  required  for  the  liberation  of  one  gram  of  hydr 
Since  a  current  of  one  ampere  delivers  one  coulomb  per  se< 
96,500  coulombs  will  be  given  by  a  current  of  one  ampe 
96,500  seconds,  or  26.8  hours.  A  current  of  two  ampere 
the  same  length  of  time  will  liberate  2  g.  of  hydrogen,  01 
gram  molecular  weight  of  hydrogen  (H^),  which  as  we  knov 
a  volume  of  22.4  liters  at  0°  and  76  cm. 

402.  Discussion. — It  is  not  surprising  that  if  a  one-an 
current  will  liberate  i  g.  of  hydrogen  in  26 . 8  hours,  a  two-an 
current  will  liberate  2  g.  of  hydrogen  in  the  same  time,  foi 
is  the  type  of  regularity  which  we  have  become  accustoms 
expect  in  nature.  It  is  surprising,  however,  that  the  : 
amoimt  of  hydrogen  is  liberated  by  the  same  amoimt  of 
tricity  from  a  solution  of  any  dilute  acid,  and  the  fact  that 
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>  must  reflect  some  regularity  in  the  phenomena  of  e!ec- 
i>'&is,  the  cause  of  which  we  have  still  to  discover. 
1 403.  Faraday's  Laws  of  Electrochemical  Equivalents. — ^Let 
hDow  turn  to  cases  of  the  liberation  by  electrolysis  of  elements 
other  than  hydrogen.  Very  careful  experimentation  has  shown 
ih:il  by  the  passage  of  96,500  coulombs  of  electricity  through 
.urious  solutions  certain  weights  of  elements  are  set  free.  These 
Ji  given  in  Table  XV.     This  table  shows  a  most  striking  regu- 

TABLE  XV 

ElXCTOCHElUCAL  EQUIVALENTS 


Vmat 

G™»^»™c 

V.l.nc.        1  "=i^i|'o^^'"' 

Gnm  Alanii: 
Wnehl+V.fcnce 

w« 

tog 

64 

adi 

17 

16 

loS 

104 
8 

F^ii;;;: 

9 
35  S 

So 

Dly:    The  ■weight  of  an  element  liberaled  in  electrolysis  by  the 

Mge  0/  96,500  coulombs  oj  clectricily  is  equal  to  the  gram  atomic 

■W^Ai  of  that  element  divided  by  its  valence  (col.  5).     This  weight 

1;  (.ailed  the  electrochemical  equivalent  of  a  given  element  or, 

iTi I jre  briefly,  its  equivalent  weight.     The  electrochemical  equiva- 

I'^nls  of  the  various  elements  are  seen  to  be  proportional  to  the 

Wrights  of  these  elements  which  unite  chemically  with  one 

w^Dothcr  when  union  is  possible;  for  example,  i  g.  of  hydrogen, 

^Hb^g.of  lead,  ofQg.  of  aluminum  unite  with  35. 5  g.  of  chlorine, 

^^P  8  g.  of  osygen.    The  discovery  of  facts  such  as  those  given 

^tn  the  table  was  made  by  Faraday,  who  stated  his  conclusion  as 

lie  Law  of  Electrochemical  Equivalents :  The  amounts  of  different 

"'f'^lances  liberated  by  the  same  quantity  of  electricity  are  propor- 

^""4  to  Iheir  equivalent  weights. 

404.  The  Electric  Charges  of  Ions. — The  facts  covered  by 

^^adey'i  laws  allow  us  to  draw  some  interesting  and  signifies 
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conclusions  regarding  the  quantities  of  electricity 
the  charges  on  single  ions.    If  the  96,500  coulombs  of 
supplied  at  the  negative  electrode  to  release  one  gram 
gen  ion  are  used  simply  to  neutralize  the  charge  on  01 
that  ion,  we  may  conclude  at  once  that  the  charge 
the  one  gram  of  hydrogen  ion  is  not  only  opposite  i 
equal  in  amount  to  the  electricity  required.    In  ge 
one  formula  weight  of  a  univalent  ion  must  carry  a  ^ 
equal  to  g6,soo  coulombs.    One  formula  weight  of  an 
valence  will  carry  one,  two,  three,  four,  etc.,  times  tl 
according  to  whether  its  valence  is  one,  two,  three,  01 
If  we  assume  that  one  formula  weight  of  any  one  ion 
the  same  number  of  free  ions  as  a  formula  weight  of 
ion  (and  this  is  in  strict  accord  with  our  accepted  de 
the  term  formula  weight),  we  come  at  once  to  the  cond 
aU  univalent  ions  carry  equal  charges.    We  call  this  a  uj 
each  bivalent  ion  carries  two  unit  charges,  each  trivalent 
three  unit  charges,  etc.    In  writing  the  symbols  or  fc 
free  ions  it  is  customary  to  add  one  or  more  +  or  - 
indicate  the  number  of  positive  or  negative  unit  electi 
carried  by  the  ion,  for  example,  H+,  Cu"^+,  Al"" 

so4~,  por"". 

405.  Equilibrium  between  Molecules  and  Ions.— 

already  studied  (396),  together  with  a  great  volum 
evidence  which  we  shall  take  up  in  turn,  led  the  Swedi 
Svante  Arrhenius  to  the  conclusion  that  in  concenti 
tions  of  acids,  bases,  and  salts  a  considerable  part  of  thi 
substance  is  present  as  molecules;  but  that  as  the  : 
diluted,  more  and  more  of  the  molecules  dissociate  int- 
until  in  very  dilute  solutions  (at  least  in  many  cases) 
ciation  is  nearly  complete.  On  the  other  hand,  whe 
solution  is  evaporated  the  ions  imdoubtedly  gradu 
to  form  molecules,  imtil,  when  complete  dryness  is  rea 
molecules  are  present.  In  any  given  solution  a  stai 
librium  exists  between  molecules  and  ions,  as  represer 
case  of  common  salt  by  the  equation 

NaCl±5Na++Cl-. 
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.Xl  a  defitiite  concentration  a  definite  proportion  of  the  salt  will 
-2  present  as  ions;  this  proportion  we  call  the  fractioii  ioni2ed 
'  ihe  degree  of  ionization.  We  shall  next  take  up  the  important 
Mublem  of  determining  the  fraction  ionized  for  any  solution  of 
in  electrolyte.  Since  we  believe  that  the  current  in  a  solution 
-  Tarried  by  the  ions  present,  the  ability  of  a  solution  to  conduct 

IEum.-nt,  or,  briefly,  its  conductivity,  must  be  an  indication  of 
t  extent  to  which  its  molecules  are  dissociated  into  ions. 
!  406.  Effect  of  Dilution  on  Conductivity. ^We  have  already 
Imed  from  the  color  changes  produced  by  diluting  solutions 
Iftt  ionization  is  promoted  by  dilution.  Let  us  now  consider 
b  question,  What  influence,  if  any,  does  the  volume  of  water 
[vhicfa  a  given  quantity  of  an  acid,  base,  or  salt  is  dissolved 


Fic.  s 


have  on  its  electrical  conductivity?  We  may  study  this  ques- 
tioD  experimentally  by  means  of  the  apparatus  shown  in  Fig.  51. 
the  rectangular  glass  vessel  of  about  i  liter  capacity  is  provided 
■^illi  two  large  copper  electrodes,  as  shown  in  the  figure.  The 
'■«sel  is  first  filled  about  three-fourths  full  of  distilled  water, 
and  the  electrical  connections  are  made.  No  appreciable  current 
Poises.  Next  about  200  c.c.  of  concentrated  hydrochloric  acid 
*re  introduced  below  the  water,  without  mixing,  in  such  a  way 
« to  form  a  separate  layer.  This  may  be  done  by  the  use  of  a 
'  funnel,  the  stem  of  which  reaches  the  bottom  of  the 


Bel. 

e  vessel  now  contains  two  distinct  layers — a  lower  layer 
ixntratcd  hydrochloric  acid  and  an  upper  layer  of  water. 
i  galvanometer   indicates   that   a   considerable   current  is 
P'ssng,  and  we  conclude  that  this  is  all  passing  through  the 
•od  in  the  lower  layer  and  not  through  the  upper  wat 
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If  next  we  mix  the  acid  and  water  thoroughly  and  so  dissolve 
the  add  in  a  much  larger  volume  of  water,  we  note  that  a  large 
increase  in  the  current  takes  place.  This  leads  us  to  conclude 
that  the  conductivity  of  the  hydrochloric  add  present  is  greatei 
when  it  is  dissolved  in  the  larger  volume  of  water.  We  may  no^ 
ask,  however,  whether  there  is  a  limit  to  the  increase  in  conduc 
tivity  when  a  given  amount  of  acid  is  dissolved  in  larger  anc 
larger  volumes  of  water,  the  conductivity  being  measured  imdei 
such  conditions  that  the  solution  is  all  contained  between  paralle 
plates  at  a  fixed  distance  apart. 

K,  in  the  experiment  described,  the  vessel  were  much  deeper 
but  otherwise  the  same,  and  the  electrodes  extended  all  the  wa) 
up  the  sides  as  before,  it  would  be  found  that  a  given  amoimi 
of  hydrochloric  add  diluted  with  double  the  amount  of  watei 
used  in  the  first  experiment  would  show  appredably  greatei 
conductivity  than  in  the  first  case.  Or  if  the  acid  were  dilutee 
with  three,  or  four,  or  still  more  times  as  much  water,  greatei 
and  greater  conductivity  would  have  been  observed;  but  witl 
increasing  dilution  the  increase  In  conductivity  would  becomi 
smaller  each  time  more  water  was  added,  so  that  finally  a  maxi 
mum  conductivity  would  be  reached.  Beyond  this  limit  fur thei 
dilution  would  cause  no  increase  in  conductivity. 

These  same  experiments  could  be  repeated  with  many  othe 
electrolytes  with  similar  results. 

407.  Definition  of  Molecular  Conductiyity. — If  one  formub 
weight  (called  also  one  gram  molecular  weight)  of  an  add,  base 
or  salt  is  contained  in  a  solution  whidi  is  wholly  included  betweei 
two  parallel  electrodes  i  cm.  apart,  we  call  the  electrical  con 
ductivity  of  this  solution  its  molecular  conductiyity.  To  fine 
the  molecular  conductivity  experimentally  we  measure  iti 
electrical  resistance  in  ohms.  The  redprocal  of  the  resistano 
so  found  is  by  definition  the  molecular  conductivity.  The  con 
elusions  of  the  paragraph  on  the  effect  of  dilution  on  conductivity 
may  now  be  simunarized  as  follows:  The  molecular  conductiviii 
of  every  electrolyte  increases  as  its  solution  is  diluted  and  finally 
attains  a  maximum  which  has  a  definite  numerical  value  for  eaa 
substance  (the  temperature  being  fixed).    Table  XVI  shows  th 
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change  of  molecular  conducti\-ity  of  hydrochloric  acid  as  the 
volume  in  which  one  formula  weight  of  add  is  contained  is 


Tb£  Mck£cciak  CoNDFcm-inr  or  Hkdkochlosic 

AOD  AT    18°  (NoVtS  AM)  COOPES) 


Maximum. . 


408.  DetenninstioQ  of  the  Degree  of  Ionization — When  a 
ioiulioH  of  a  substance  is  so  dilute  thai  it  lias  ils  maximum  molec- 
oUr  cooductivit;,  il  is  assumed  thai  ail  of  its  molecules  have 
iiuocutled  into  ions.  In  a  more  concentrated  solution,  for  which 
Ihe  molecular  conductivity  is  less  than  the  maximum,  the  frac- 
tion which  its  observed  molecular  conductivity  forms  of  its 
maximuni  molecular  conductivity  is  consequently  equal  to  the 
friction  which  the  number  of  ions  present  in  that  particular 
solution  form  of  the  total  number  of  ions  in  the  completely 
dissociated  (completely  ionized)  solution  of  the  same  quantity 
of  that  substance.  This  fraction  is  therefore  the  fraction  ionized 
"r  the  degree  of  ionization.  Thus  for  decinomial  h\'drochloric 
scid  the  degree  of  ionization  is  351-^379  =  93  per  cent. 

This  method  of  determining  the  degree  of  ionization  was 
pn^>osed  by  Arrhenius  in  the  year  1S87.     His  reasoning  ran 
ihus:  The  passage  of  a  current  through  a  solution  is  accom- 
plished by  the  migration  of  positive  ions  in  one  direction  and 
negative  ions  in  the  other.     These  transport  electricity  through 
the  solution  between  the  electrodes.     Since  the  molecular  con- 
ducti\ity  of  a  substance  is  the  measure  of  its  rate  of  transporting 
electricity,  it  is  plain  that  the  molecular  conductivity  will  depend 
[On  the  number  of  ions  present,  the  charge  on  each,  and  the  velocity 
if  migration.    Now  under  the  conditions  used  in  measuring 
resistance,    and   therefore   also   of   measuring   molecular   con- 
ductivity, the  velocity  of  migration  of  its  ions  will  be  the  same 
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for  all  concentrations  of  solutions  of  a  given  substance  (excep 
for  very  concentrated  solutions).  The  charges  of  the  individus 
ions  of  a  given  substance  are  also  the  same,  whether  the  solutio 
is  dilute  or  concentrated.  Therefore  the  molecular  conductivitie 
of  solutions  of  a  given  substance  are  directly  proportional  to  th 
numbers  of  ions  present.  Consequently  the  ratio  of  the  molecu 
lar  conductivity  for  a  given  concentration  to  the  maximum  mc 
lectUar  conductivity  for  this  substance  is  the  fraction  ionized,  sine 
it  is  assumed  that  a  very  dilute  solution  having  maximum  molec 
ular  conductivity  is  completely  ionized. 

409.  Results  of  Determination. — The  degree  of  ionization  c 
some  common  electrolytes  is  shown  in  Table  XVII. 

410.  Discussion  of  Table  XVII. — ^A  study  of  the  table  lead 
to  the  very  important  generalization  that  in  solutions  of  mo: 
salts  a  large  percentage  of  the  substance  is  in  the  form  of  ions;  i 
consequence,  we  say  that  such  solutions  are  highly  ionized.  I 
also  appears  that  dilute  solutions  of  hydrochloric  and  nitric  ad 
are  even  more  highly  ionized  than  salt  solutions  of  like  concentra 
tion.  On  the  other  hand,  decinormal  acetic  acid  is  only  i .  3  pc 
cent  ionized,  while  the  degree  of  ionization  of  decinormal  carboni 
acid  is  very  much  less,  namely  0.17  per  cent.  In  general,  th 
extent  to  which  acids  are  ionized,  in  solutions  of  equal  concei 
tration,  varies  enormously.  Bases  also  differ  greatly  in  their  d< 
grees  of  ionization.  For  example,  decinormal  sodium  hydroxid 
is  ionized  90  per  cent,  while  the  same  concentration  of  ammonim 
hydroxide  is  only  i .  3  per  cent  ionized.  We  have  already  leame 
that  every  substance  is  more  highly  ionized  in  dilute  than  i 
more  concentrated  solutions.  The  percentage  of  ionization  c 
a  substance  as  shown  in  the  table  applies  only  to  the  indicate 
concentration  and  temperature. 

411.  R£sum6  of  the  Ionic  Hypothesis. — ^We  have  alread; 
developed  enough  of  the  ionic  hypothesis  to  go  far  into  the  imder 
standing  of  double  decomposition  reactions.  Let  us  therefor 
review  in  brief  the  ideas  already  brought  out,  and  then,  af te 
a  short  critical  survey  of  the  fundamental  assumptions,  procee< 
in  chapters  xviii  and  xix  to  the  application  of  the  hypothesis  t 
practical  examples. 
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According  to  the  ionic  hypothesis,  as  soon  as  an  acid  base  or 
salt  is  dissolved  in  water  it  is  immediately  dissociated  to  some 
extent  into  ions  which  prove  to  be  the  parts  of  those  substances 
which  we  have  found  active  in  double  decomposition.    The  basic 

TABLE  XVII 

Values  of  the  Depree  of  Ionization  of  Some  Coioion  Electrolytes  in 

Water  Solution  at  18® 

(Degree  of  ionization  at  the  normality  indicated  at  the  head  of  the  column) 


Salts: 

NtQ 

Ka. 

KBr 

KI 

NaNO, 

KNCL 

AgNQ, 

KOO, 

BaO! 

Cta 

Mga 

Pba 

Sr(NO,), 

5a(N0i). 

K,S04 

A6SO4 

^— ••;.:::::::: 

CuS04 

Bases: 

NiOH 

Ba(0H). 

NH4OH 

Acids: 

Ha 

HNO, 

HCHA 

H,P0,=H++H,PO4-.. 
H,S04=2H++SO4~  .. 
H,C0,-H+-f  HCO,-  . . 


o  01 


0.94 

94 

94 

94 

93 

94 

93 

93 
88 

88 

88 

81 

87 
86 

87 
84 
67 
63 
63 

96 

93 
04 

97 
97 
043 
60 

64 
005 


0.05 

0.1 

I.O 

0.88 

.88 
.88 
.89 
.87 

.87 
.86 

.87 
.80 
.80 
.80 
.6^ 
.77 
.74 
.77 

0.85 

.86 

.86 

.87 

.83 
.82 

.81 

.83 
.76 
.76 
.77 

0.74 
.74 

.73 

.66 
.61 
.62 

•  64 
.66 

.67 

.72 
.68 
.72 

SI 

•59 

SI 
.46 
.46 

1     93 
.86 

•45 
.41 
.40 

.90 
.81 

•013 

.93 

.93 

•013 
.29 

.31 
0.0017 

•35 

•31 

0.31 

1    .017 

.94 

•94 
.020 

•36 

•38 

0.002 



P^  carries  a  positive  charge  and  the  acidic  part  a  negative 
charge.  The  charge  carried  by  any  univalent  ion  is  called  a 
unit  charge;  ions  having  greater  valence  carry  as  many  unit 
charges  as  they  have  valence.  Since  the  solution  of  any  elec- 
^lyte  is  always  electrically  neutral,  the  total  quantity  of  posi- 
^ve  electricity  carried  by  the  positive  ions  equals  the  total 
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quantity  of  negative  electricity  carried  by  the  negative  ions. 
The  more  dilute  the  solution  the  greater  is  the  proportion  of  the 
electrolyte  transformed  into  ions,  or,  in  other  words,  the  greater 
is  its  degree  of  ionization. 

When  we  put  two  electrodes,  connected  with  dry  cells  or 
other  source  of  current,  into  a  solution  of  an  electrolyte,  the 
current  is  found  to  flow  in  the  outside  circuit,  because  of  the 
discharging  of  the  charge  on  the  electrodes,  due  to  the  arrival 
at  their  surface  of  oppositely  charged  ions  from  the  solution. 
The  ions  in  the  solution  move  up  to  the  plates  because  each  ion 
is  attracted  toward  one  plate  and  repelled  from  the  other,  owing 
to  the  fact  that  it  also  carries  a  charge  of  electricity.  The  sign 
of  the  charge  on  the  ion  determines  the  direction  of  the  latter's 
movement.  On  coming  in  contact  with  tlie  electrodes  the  ions 
become  discharged  by  having  their  charges  electrically  neutral- 
ized by  equal  amounts  of  the  opposite  kind  of  electricity  furnished 
by  the  electrode.  Metallic  ions  after  discharge  are  either  de- 
posited as  metallic  platings  on  the  cathode  or  react  with  water 
to  form  hydroxides  and  hydrogen.  Non-metallic  ions  such  as 
hydrogen,  oxygen,  and  chlorine  are  released  as  single  atoms  which 
then  unite  to  form  diatomic  molecules  of  the  gases  H„  O,,  Cl„ 
etc.  Nitrate  and  sulfate  ions  never  remain  discharged  at  the 
electrodes,  but  instead  we  find  there  the  products  of  their 
reactions  with  water— nitric  acid  and  oxygen,  and  sulfuric  add 
and  oxj'gen,  respectively. 

If  a  given  quantity  of  electrolyte  is  kept  between  plates 
which  are  parallel  to  each  other  and  carry  a  constant  charge  per 
unit  area,  at  different  dilutions  the  conductivity  of  this  elec- 
trolyte will  varj'  in  proportion  to  the  number  of  free  ions  present. 
As  a  consequence  the  proportion  of  an  electrolyte  which  has 
been  transformed  into  ions  at  any  dilution  can  be  determined 
by  dividing  the  conductivity  at  the  dilution  in  question  by  the 
maximum  conductivity  found  after  continuous  dilution  of  this 
same  quantity  of  electrolyte,  provided  the  two  measurements 
are  made  in  the  manner  described  (408),  Values  so  determined 
show  us  that  as  a  rule  all  salts  are  highly  ionized  substances, 
but  acids  and  bases  have  very  different  degrees  of  ionization, 
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iome  being  even  more  highly  ionized  than  salts,  but  others 
being  very  little  ionized  indeed. 

411.  Criticisms  of  the  Ionic  Hypothesis. — The  idea  that  ions 

exist  in  solution  as  independent  chemical  substances  has  come 

to  be  known  as  the  Ionic  Hypothesis.    It  will  be  surprising  if 

ihe  student  who  learns  of  this  hjpothesis  for  the  first  time  and 

thinks  critically  about  the  matter  is  not  ready  to  offer  at  once 

several  good  reasons  for  doubting  the  truth  of  the  conclusions. 

I     In  the  first  place,  the  hypothesis  seems  to  assume  that  in  a  solu- 

■tion  of  common  salt,  for  example,  a  large  part  of  its  elements 

^■te  present  in  a  free  state.     Now  the  student  who  knows  any- 

Hibing  of  the  properties  of  metallic  sodium  and  of  chlorine  gas 

I     will  find  it  hard  to  believe  that  either  of  these  elements  can  be 

pr«ent  in  a  salt  solution;  because  sodium  reacts  violently  with 

water,  forming  sodium  hydroxide  and  hydrogen,  and  chlorine 

has  a  horrible  smell  and  a  yellow  color.     Plainly  there  is  some- 

'iiitf  incompatible  with  the  obvious  facts  in  llie  slalement  thai  a 

!olulion  of  salt  contains  free  sodium  and  free  chlorine. 

A  closer  study  of  the  hypothesis  shows,  however,  that  it  is 
not  assumed  that  the  elements  sodium  and  chlorine  are  present 
as  ordinary  atoms,  for  each  atom  is  said  to  be  electrically  charged. 
Those  who  uphold  the  hypothesis  will  point  out  that  a  charged 
brass  ball  has  very  different  properties  from  the  same  ball  if 
uncharged.  True,  say  the  critics,  but  even  a  charged  brass  ball 
■it  still  a  brass  ball;  to  which  the  opponents  reply  that  the 
uility  of  electricity  on  the  ball  is  a  matter  of  enormous 
IfaiportaRce. 

If  then  the  ions  are  so  highly  charged,  why  do  the  positive 
s  not  unite  with  and  so  electrically  discharge  the  negative 
s,  since  the  solution  is  a  conductor?  It  may  be  said  in  reply 
list  it  is  assumed  that  ions  of  unlike  sign  are  constantly  uniting, 
t  i  rate  just  equal  to  the  rate  of  dissociation,  with  the  result . 
Lt  a  state  of  equilibrium  is  produced. 

In  spite  of  the  foregoing  criticisms  and  many  others  the  ionic 
thesis  with  all  its  apparent  inconsistencies  has  proved  itself 
l^ly  useful  in  explaining  and  correlating  many  facts  and 
mena. 
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Before  passing  final  judgment  on  this  remarkable  hyp>othesis 
it  will  be  better  to  consider  its  further  applications  and  then, 
in  chapter  xx,  to  take  up  the  matter  again  in  the  light  of  newer 
discoveries,  which  have  led  to  essential  modifications  of  the 
views  as  originally  proposed  by  Arrhenius. 

Finally  it  may  be  urged  that  Arrhenius  himself  was  not 
certain  of  the  truth  of  his  theory  until  he  became  acquainted 
with  the  wonderful  work  of  Van't  HoflF  on  the  so-called  osmotic 
pressures  of  dissolved  substances  (chap,  xxvii).  This  work 
will  be  discussed  as  soon  as  we  have  progressed  far  enough  to 
understand  and  interpret  the  experiments  which  we  must  then 
study. 
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413.  Double  Decomposition. — In  the  foregoing  chapter  it 
«as  pointed  out  that  the  pr6bable  cause  of  the  union  of  two 
unlike  ions  is  the  attraction  of  their  unlike  electric  charges.  In 
general,  everj-  kind  of  positive  ion  can  unite  with  any  kind  of 
Dtgative  ion.  Therefore,  if  any  two  electrolytes  (provided  they 
have  no  ion  in  common)  are  mixed  in  solution,  at  least  some 
JouWe  decomposition  must  take  place,  simply  because  new 
(ombinalions  of  positive  and  negative  ions  are  made  possible. 
Let  us  first  consider  the  important  case  in  which  the  two  starting 
materials,  as  well  as  the  two  products  of  the  reaction,  are  easily 
Miluble  and  highly  ionized. 

4!4.  Class  I.  Equilibriutn  between  Four  Easily  Soluble  and 
Highly  Ionized  Electrolytes. — If  dilute  solutions  of  two  imaginary 
t^lef irolytes  A  B  and  CD,  which  ionize  thus 


AB^.A  ++B- 
CD^C++D- 


3fe  mixed,  we  may  predict,  without  knowing  anything  more 
ibout  these  substances,  that  the  foUowing  reactions  are  possible, 

A++D-^AD,  III 

C++B-^CB,  TV 

^*1  that  a  double  decomposition  reaction, 
AB+CD^AD+CB. 

*'li  take  place  to  a  greater  or  less  extent.  Since  all  four  of  the 
Lwliaiaaces  AB.  CD,  AD,  and  CB  are  assumed  to  be  highly 
BWiiied,  it  is  plain  that  the  mixed  solution  will  contain  chiefly  the 
r  kinds  of  ions,  A"^ ,  B~,  C^,  and  D~,  and  relatively  few 
lolecules.  Since  each  of  the  four  kinds  of  molecules  present 
1  be  in  equilibrium  with  its  own  two  kinds  of  ions,  the  four 
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equilibrium  reactions  (marked  I,  11,  III,  and  IV)  must  be 
interrelated  in  the  manner  shown  by  the  following  arrangement 
of  equations  I,  II,  III,  and  IV: 

III     IV 
AB^^A-^+B"  I 

CZ>±5Z>-+C+  II 

it       it 
AD    CB 

Equations  I  and  11  read  horizontally,  while  HI  and  IV  read 

vertically.    We  may  call  this  the  compound  equation  of  the 

reaction 

AB+CD±^AD+CB. 

The  compound  equation  shows  that  the  four  molecular  sub- 
stances are  in  equilibrium  with  each  other  because  each  molec- 
ular substance  is  in  direct  equilibrium  with  its  own  pair  of  ions. 
Now  if  all  of  the  four  molecular  substances  are  assumed  to  have 
exactly  equal  tendencies  to  ionize,  then  we  must  conclude  that 
for  the  condition  of  equilibrimn  equal  niunbers  of  the  four  kinds 
of  molecules  will  be  present,  if  we  have  taken  equivalent  amounts 
of  substances.    We  may  summarize  Class  I  as  follows:  If  both, 
starting  substances  and  both  products  of  a  double  decomposition 
reaction   AB+CD^  AD+CB  are  easily  soluble  and  highly 
and  equally  ionizable,  an  equilibrimn  mixture  will  result  in 
which  (i)  most  of  the  dissolved  material  is  present  as  free  ions, 
(2)  little  of  the  material  is  present  as  niolecules,    and  (3)  if 
equivalent  amounts  are  taken  the  four  kinds  of  molecules  are 
present  in  equal  numbers. 

415.  An  Example  of  Class  I.    The  Reaction  between  Ferric 
Chloride  and  Ammonitmi  Sulfocyanate. — ^The  reaction 

FeCl3-f3NH4NCS^Fe(NCS)3-f3NH4Cl, 

studied  earlier  (280),  is  a  good  illustration  of  Class  I,  since  all 
four  salts  are  easily  soluble  and  highly  ionized.  It  was  shown 
by  experiment  that  this  reaction  does  not  take  place  completely, 
but  that  it  reaches  equilibrium  while  there  is  still  much  of  the 
material  not  converted  into  ferric  sulfocyanate  and  anunonium 
chloride. 
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416.  Other  Examples   of   Class  I. — Numerous  additional 
of  Class  I  might  be  given.     The  following  will  sen-e 

ions: 

KCI+NaNOj=;ENO,+NaCI, 

Na,SO,+  2KN03^K,S04-f-3NaNO„ 

K,CO,+Na,SO,=K,SO^+NaXO„ 

NaNOj+HCl^NaCl+HNO,. 

la  each  case  the  mixed  solution  contains  largely  the  four  kinds 
of  ions,  together  with  small  proportions  of  the  four  kinds  of 
molecules  in  approximately  equivalent  amounts.     In  Class  I 
the  two  substances  taken  react  only  partially,  and  there- 
fore the  reaction  is  always  incomplete.  ^^K 

417.  A  Graphic  Method  of  Representing  Degrees  of  ^^^ 
Ionization. — An  acid,  base,  or  salt,  not  in  solution,  exists    y^^ 
wholly  in  the  form  of  molecules  (no  ions  are  present). 

We  may  represent  such  an  un-ionized  substance  by  a  cross- 
hatched  circle,  Fig.  52.  When  this  substance,  whose  formula  we 
tBiay  call  A  B,  is  dissolved  in  water  it  will  partially  ionize,  thus: 
I  AB-~iA+-\'B-. 

This  condition  is  represented  by  Fig,  53.    Let  us  suppose  that 
the  solution  is  80  per  cent  ionized;  then  so  per  cent  h  present  as 
un-ionized   molecules.     In   Fig.    53    the  left-hand  circle  has  a 
cross-hatched  sector  which,  is 
just  20  per  cent  of  the  area 
^        ,  ^^^  "^  ^^  whole  circle.    This  will 

B     x__,  -ssmw        '"-=^"  represent    the   fact    that    20 

H  Flo  j3  per  cent  of  the  substance  is 

H  present   as   un-ionized  mole- 

^K«ules.  The  middle  circle,  of  which  80  per  cent  is  shaded  with 
^pTrertical  lines,  will  represent  the  fact  that  80  per  cent  of  the 
total  A  radical  is  in  the  form  of  free  positive  ions.  In  similar 
fasbioQ  the  right-hand  circle  shows  that  80  per  cent  of  the 
total  B  radical  is  in  the  form  of  free  negative  ions.  Further- 
more, if  we  take  the  area  of  the  circle,  Fig.  52,  as  propor- 
^Qal  to  the  whole  number  of  molecules  in  one  formula  weight 
of  the  substance  before  it  is  dissolved,  then  the  area  of  the 


2S4 


Introduction  to  General  Chemistry 


CuSO* 


/ 

4 

\ 


so.— 


cross-hatched  sector  of  the  left-hand  circle  of  Fig.  53  will  be  pro- 
portional to  the  number  of  un-ionized  molecules  in  one  formula 
weight  of  the  dissolved  substance.    Since  each  AB  molecule, 

when  it  ionizes,  gives  one  A'^ 
ion  and  one  J5~  ion,  the  areas 
of  the  shaded  portions  of  the 
middle  and  right-hand  circles 
will  be  directly  proportional  to 
the  numbers  of  A"^  and  J5" 
ions  respectively.  By  means 
of  a  figure  like  Fig.  53  the 
relative  concentrations  of  ions 
and  molecules  of  a  dissolved 
electrolyte  can  be  seen  at  a 
glance.  By  way  of  further 
illustration    the    condition    oi 


so.-^ 


"*^CuSO. 


•   X 


so.— 


Fig.  54 


normal,  one-tenth-normal,  and  one  one-hundredth-normal  coppei 
sulfate  solution  is  shown  in  Fig.  54. 

418.  Graphic  Representation  of  Class  I. — Let  us  now  turn 
to  the  graphic  representation  of  a  double  decomposition  reaction 
of  the  type  just  studied  imder  Class  I,  where  all  four  substances 
concerned  are  easily  soluble  and  highly  ionized.  We  again  repre- 
sent the  reaction  by 

AB+CD±^AD+CB, 

Figure  55  shows  the  condition  of  solutions  of  AB  and  CD 
before  they  are  mixed,  on  the  supposition  that  each  is  85  per  cent 
ionized  in  N/ 10  solution.    When 
equal  volumes  of  the  two  N/io 
solutions  are  mixed,  the  reaction 
represented   by  the  compound 

equation 

AB±^A-^+B' 

CD^D-+C'^ 

it       it 
AD    CB 


\ 
/ 


"^  —  -• 


r'-^.CO 


^--^ 


Fig.  55 


takes  place  and  very  quickly  reaches  the  condition  of  equilib- 
rium shown  graphically  in  Fig.  56,  in  which  the  proportions  of 
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molecuJes  and  ions  have  been  calculated  on  the  additional 

assumption  that  AD  and  CB  both  have  the  same  tendency  to 

ionize  as  have  AB  and  CD  (when  each  is  separately  dissolved 

in  water).     Comparison  of  Figs.  55  and  56  shows  us  that  the 

areis  representing  the  numbers 

of  molecules   and   ions   of  the      -'    ""'** 

malerials  taken  are  not  greatly     ^'    _<    ' 

dianged   as  the  result  of  the       "'' 

mixing.     Consequently  we  say      ,-"vcd 

that  the  reaction  is  incomplete.     1^     '    ; 

-UI examples  of  Class  I  would  be      '-  --' 

represented  by  similar  graphs.  -~     .0  ,cs 

419.  A  Second  Type  of  ^  j  |j^  ', 
Double  Decomposition:  Class  '-^,'  ~^_^' 
U.— Class  II  will  comprise                         Kic  56 

double  decomposition  reactions 

in  which  two  easily  soluble  and  highly  ionized  substances  give 
two  easQy  soluble  products,  one  of  which  is  highly  ionized,  the 
other  little  ionized.  The  simplest  example  of  Class  II  is  found 
in  a  neutralization  reaction  such  as 

HCl+NaOH^NaCl+HA 

tice  all  the  substances  except  the  water  are  highly  ionized. 

420.  The  Ionization  of  Water.— The  ionization  of  water  may 
|6 determined  from  conductivity  measurements,  for  though  it  is 

ttry  much  poorer  conductor  of  the  current  than  is  a  salt  solu- 
i,  still,  as  we  have  already  said,  it  conducts  much  better 
n  glass  or  hard  rubber.  According  to  the  ionic  theory  it  is 
zed  thus: 

H^=;H++OH-. 

b  one  liter  of  pure  water  there  is  present  about  one  ten-millionth 
1 1  gram  of  ionic  hydrogen  and  the  equivalent  amount  of 

yl, 

I  If  then  we  attempt  to  represent  the  proportion  of  ions  in  pure 
bter  by  a  graphic  scheme,  a  single  dot  in  the  center  of  an  other- 
e  empty  circle  would  have  too  large  an  area  to  represent 
ectly  the  proportion  of  ions  present  if  the  rest  of  the  drcl 
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represented  the  molecules  of  water.  In  cases  of  this  kind  we 
shall  use  a  single  dotted  radius  to  indicate  that  the  number  of 
ions  is  too  small  to  be  accurately  represented.    The  graph  of 

water  will  then  be  that  shown  in 

,;    ;    ..  :     Fig.  57. 

That   there  are  so  few  ions 
Pjq  present  in  a  liter  of  pure  water 

means  that  the  ionic  equilibrium 
is  established  only  when  all  but  a  minute  fraction  of  the  total 
material  is  in  the  form  of  water  molecules.  Accordingly,  when 
hydroxyl  and  hydrogen  ions  are  brought  together  in  solution 
we  must  expect  them  to  combine  almost  completely  to  form 
molecules. 

421.  Neutralization. — If  we  mix  equivalent  amounts  of 
solutions  of  HCl  and  NaOH  the  resulting  reaction  may  be 
represented  as  follows: 

HC1^H++C1- 
NaOHi50H-+Na+ 

it         it 
HaO    NaCl. 

The  H"*"  and  OH"*  ions  present  unite  almost  completely  to  form 

molecules  of  HaO.    The  removal  of  H"^  iotis  causes  a  shift  of  the 

reaction 

HCI15H++CI- 

to  the  right,  and  as  the  H"*"  ions  produced  in  this  way  are  almost 
immediately  taken  up  by  new  0H~  ions  formed  by  a  shift  to  the 
right  of  the  reaction 

NaOHi50H-+Na+, 

the  final  result  is  the  practically  complete  dissociation  of  both 

HCl  and  NaOH  molecules  and  therefore  the  disappearance  of 

these  substances.    Molecules  of  HaO,  once  formed,  dissociate 

very  little  into  H"*"  and  OH"  ions,  and  so  the  final  equilibrium 

solution  will  contain  no  more  free  H"*"  and  OH"  ions  than  an  equal 

volume  of  pure  water.    The  Na"*"  and  Cl~  ions  unite  partially  to 

form  molecules 

Na++Cl-=tfNaCl, 
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but  this  reaction  does  not  proceed  far  in  dilute  solution,  as  com- 
mon salt  is  a  highly  ionized  substance.  In  fact,  the  solution 
teiulting  from  the  neutralization  of  HCl  by  NaOH  is  exactly 
the  same  as,  and  differs  in  no  way  from,  that  made  by  dissolving 
common  salt  in  water  to  produce  a  solution  of  equal  concentra- 
tion. All  the  facts  just  stated  are  shown  by  a  comparison  of  the 
digraphs,  Figs.  58  and  59.  Thus  it  can  be  seen  (Fig.  59)  that 
e  areas  representing  the  numbers  of  molecules  of  HCl  and 
KaOH  respectively  have  been  reduced  to  negligible  dimensions; 
Ok  same  is  also  true  of  the  areas  for  H^"  and  0H~  ions.     But 


0-09 
0-.Q-! 


Ftc.  s8 


Fifi.  59 


t  CI~  and  Na+  ion  areas  are  not  greatly  changed  in  the  second 
iph.  Compared  with  these  areas,  that  representing  NaCI  mole- 
les  is  small.     The  circle  representing  the  number  of  molecules 

H,0  is  completely  shaded,  thus  showing  that  the  yield  of 
sieoitar  HjO  is  practically  100  per  cent. 

412.  The  Simplified  Equation  of  neutralization. — To  sum 
'  ihe  matter,  it  may  be  said  that  acids  and  bases  neutralize 
K  another  because  of  the  tendency  of  H"*"  and  0H~  ions  to  unite 
Host  completely  to  form  water.  This  almost  complete  union 
H*  and  0H~  ions  takes  place  because  HjO  is  but  very  shghtly 
liaxl.  In  a  very  dilute  solution,  where  the  acid  and  base 
ten  are  almost  completely  ionized  at  the  instant  of  mixing, 
t  principal  change  that  takes  place  is  the  union  of  H"*"  and 
B"  ions  to  form  HjO  molecules,  since  in  the  very  dilute  solu- 
w  the  Na*  and  CI"  ions  remain  largely  uncombiued.     We  may 
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therefore  write  as  the  simplified  equation  of  neutralization  in 
dilute  solution 

423.  Experimental  Confirmation  of  the  Theory  of  Neutraliza- 
tion.— ^The  process  of  neutralization  can  be  followed  experi- 
mentaUy  with  the  help  of  an  apparatus  somewhat  like  that  shown 
in  Fig.  51  (406);  but  having  a  small  electric  lamp  in  the  place 
of  the  galvanometer.  The  solution  layers  in  the  cell  shown 
in  the  figure  are  made  by  first  putting  into  the  cell  a  layer  of 
one-tenth-normal  hydrochloric  acid,  and  then  allowing  an  equal 
layer  of  sodivun  hydroxide  to  nm  under  this  first  layer  by  intro- 
ducing it  at  the  bottom  of  the  cell  through  a  dropping  funnel. 
As  represented  in  the  figure  the  two  parallel  electrodes  are  in 
contact  with  the  two  layers,  which  can  be  seen  very  nicely  if  a 
little  litmus  is  put  into  the  acid  and  base  respectively  before  the 
layers  are  made.  If  now  the  key  is  closed  the  current  flows 
through  both  layers,  and  the  lamp  glows.  Hydrogen  and  sodium 
ions  are  arriving  at  one  electrode,  and  chlorine  and  hydroxyl 
ions  are  arriving  at  the  other.  Of  these  ions  the  hydrogen  and 
hydroxyl  travel  much  more  rapidly  under  the  attraction  from 
a  given  charge  per  unit  area  of  the  electrode,  and  so  they  are 
neutralizing  their  charges  on  the  plates  more  quickly  than  are 
the  other  ions.  As  a  result  most  of  the  current  passing  in  the 
outside  circuit  is  due  to  their  discharge.  If  the  two  layers  of 
acid  and  base  are  next  mixed,  the  lamp  no  longer  glows.  Half 
of  the  carriers  of  the  current  and  the  most  eflScient  ones  have 
been  used  to  form  water  molecules,  and  in  the  cell  there  remains 
only  the  slow-movmg  sodium  ions  and  chlorine  ions.  If  the 
acid  and  base  in  the  respective  layers  were  not  quite  equivalent 
in  amount,  a  slight  excess  of  one  or  the  other  will  be  shown  by 
the  litmus  color,  but  the  important  part  of  the  experiment,  the 
serious  loss  of  ions,  will  still  be  unmistakable  from  the  great 
decrease  in  the  conductivity  of  the  solution  between  the  plates. 

424.  A  Second  Example  of  Class  11:  Action  of  HCl  on 
Sodium  Acetate. — It  will  be  recalled  that  acetic  acid,  HC2H3O2, 
neutralizes  NaOH,  forming  sodium  acetate,  thus: 

HCaHA+NaOHi5NaCaHA+HaO. 
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Ateticacid  is  a  monobasic  acid,  only  one  of  the  four  hydrogen 
moms  of  each  molecule  being  ionizable: 

HC.H  A = H++ C,H  A"  ■ 

Tilii  acid  is  but  little  ionized  in  normal  solution,  the  degree  of 
ianization  being  only  0.4  per  cent.  '  On  the  other  hand,  solu- 
tions of  its  salts,  like  NaCjHjO^,  are  highly  ioniaed: 

NaC.H,0, = Na+  ^CMf>r. 

If  we  mix  equivalent  amounts  of  HCl  and  NaCiHjO,  in 

ioiution  we  cannot  see  that  any  chemical  change  occurs;    but 

ihal  a  reaction  has  occurred  we  may  show  convincingly  with  the 

help  of  the  electrolytic  cell,  which  is  used  to  discover  the  change 

in  conductivity  during  neutralization.     In  the  lower  layer  this 

lime  we  shall  have  sodium  acetate  and  in  the  upper  hydrochloric 

add.    As  before,  the  lamp  glows — both  solutions  are  good  con- 

iuctors;    the  first  by  means  of  Na"*"  and  CHjO,"  ions,  the 

cond  by  means  of  H"*^  and  CI~  ions.    When  we  mix  the  two 

jrers  the  decrease  in  brightness  of  the  lamp  shows  that  the 

iductivity  has  dropped  off  greatly,  thus  proving  that  many  of 

;  ions  have   been   changed   into   non-conducting  molecules. 

IE  compound  equation  is 

HCI^H++C!- 
NaC^,0,= C,H,0.  - + Na+ 

It  It 

HCHjO.    NaCl 

le  graphs  are  shown  in  Figs.  60  and  6 1 .  Since  of  the  four  sub- 
oces  concerned  all  but  the  acetic  acid  are  highly  ionized,  while 
liter  is  but  little  ionized,  the  reaction  falls  under  Class  II. 
I  HCl  and  NaCHjO,  solutions  are  mixed,  the  H"*"  and 
3jO,"  ions  will  unite  far  more  completely  than  will  any  other 
ir  of  ions,  and  at  the  same  time  the  molecules  of  HCl  and 
HjO,  will  continue  to  ionize  until  but  very  few  remain 
pig.  6i).  Also  Na"*"  and  Cl~  ions  will  unite  partially  to  form 
^Iccules  of  NaCl.  Therefore  the  equilibrium  mixture  will 
J  largely  free  acetic  acid,  for  the  most  part  un-ionized. 


26o 
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together  with  common  salt  and  its  ions.    Very  little  HCl  and 
NaCaHjOa  will  be  present. 

425.  Comparison  of  the  First  and  Second  Examples  of  Class 
n. — Fig.  60  shows  the  conditions  of  the  solutions  of  hydrochloric 
acid  and  of  sodium  acetate  before  they  are  mixed,  while  Fig.  61 
shows  the  condition  of  the  equilibriimi  mixture.  These  figures 
are  almost  a  reproduction  of  Figs.  58  and  59,  representing  neutral- 
ization. In  place  of  NaOH  we  have  in  the  second  case  NaCaHjO,, 
which  is  also  highly  ionized;  and  in  place  of  water  we  have 
HCaHjOa,  which,  like  water,  is  but  little  ionized.  In  Fig.  61  the 
circle  representing  molecular  acetic  add  is  nearly  completely 


/ 
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Fig.  60 


Fio.  61 


cross-hatched,  showing  that  the  yield  of  this  substance  is  nearly 
100  per  cent.    Although  the  reactions  represented  by  Figs.  59 
and  61  are  so  nearly  alike,  there  is  a  small  difference  due  to  the 
fact  that  acetic  acid  is  ionized  more  than  water.    In  consequence 
the  formation  of  molecular  acetic  acid  falls  short  of  100  per  cent 
a  small  fraction  of  i  per  cent. 
26.  A  Third  Example  of  Class  11:    Action  of  NaOH  on 
^  / 'SUS^X. — ^Another  important  example  of  Class  II  is  found  in 
the  action  of  sodium  hydroxide  and  ammonium  chloride.    The 
addition  of  dilute  NaOH  to  a  solution  of  NH4CI  does  not  produce 
any  visible  effect;  but  evidence  that  the  reaction 

NaOH+NH4Cl^NaCl+NH40H 

takes  place  may  be  obtained  in  two  ways:  first,  by  finding  a 
great  decrease  in  conductivity  on  mixing  superimposed  layers 
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1  Ihe  two  solutions;    and  secondly,  by  noting  the  odor  of 
1  given  off  by  reason  o£  the  partial  dissociation  of  the 
H^OH  prescQt  in  the  solution 

NIl.OH^NHj+HA 
Hie  compound  equation  of  the  reaction  follows:  * 

NaOH^Na++OH- 
NH,Cl±iCl-+NH«+ 

it      ■  Jt 
NaCl  NH,OH. 

Since  sodium  hydroxide  and  ammonium  chloride  are  highly 
^^uned,  and  ammonium  hydroxide  is  little  ionized,  this  reaction 
^MC()iq)letely  analogous  to  that  between  HCl  and  NaCjHjO,; 

V  Ha+NaCHA^NaCl+HCJIA. 

Each  reaction  takes  place  nearly  completely  from  left  to  right 
Iwcause  one  product  is  but  little  ionized.  The  graphs  for 
reaction,  Figs.  62  and  63,  are  closely  similar  to  those  for 

■■•'"IT-  .Crt'  ^'"::i 


■■■■•«      M 


Fig.  61  Fig.  63 

EUtmlization,  Figs.  58  and  59,  and  for  the  reaction  between 
tCl  and  NaCHjO,,  Figs.  60  and  61. 
417.  Summary  of  Class  II  Reactions. — As  we  have  pointed 
•Ul.  all  these  reactions  arc  alike,  in  that  two  highly  ionized 
lectrolytes  react  to  form  one  highly  ionized  electrolyte  and  one 
lie  ionized  electrolyte.  Invariably  reactions  of  this  class  are 
>rly  complete.  The  smaller  the  degree  of  ionization  of  the 
(tie  ionized  product,  the  more  completely  the  reaction  takes. 
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In  the  resulting  mixture  the  little  ionized  substance  is  present, 
of  course  almost  whoUy  in  the  molecular  form. 

428.  Strength  of  Acids. — Since  all  salts  are  highly  ionized, 
the  reaction  between  any  highly  ionized  acid  and  a  salt  of  a 
little  ionized  acid  must  belong  to  Class  II.  We  may  therefore 
predict  that,  as  in  the  second  example  studied,  such  reactions 
will  give  nearly  100  per  cent  yields  of  their  products,  and  that 
in  the  resulting  solution  there  will  be  present  the  little  ionized 
acid  instead  of  the  highly  ionized  acid  originally  used.  The 
highly  ionized  acid  may  be  said  to  have  displaced  the  little 
ionized  acid  from  its  salt.  As  a  result,  we  may  caU  the  former 
a  strong  acid  and  the  latter  a  weak  acid,  and  may  say  that  a 
strong  acid  always  displaces  a  weak  acid  from  its  salts, 

429.  Strength  of  Bases. — ^Just  as  we  call  a  highly  ionized 
acid  a  strong  acid  and  a  little  ionized  acid  a  weak  acid,  so  we 
may  call  a  highly  ionized  base  a  strong  base  and  a  little  ionized 
base  a  weak  base.  Since  all  reactions  between  strong  bases  and 
the  salts  of  weak  bases  (see  third  example,  426)  are  examples  of 
Class  II,  we  can  predict  that  the  yield  of  weak  base  and  salt  of 
the  strong  acid  will  be  nearly  100  per  cent.  In  other  words,  a 
strong  base  will  always  displace  a  weak  base  from  its  salt. 

430.  Two  Useful  Laws. — The  foregoing  law  and  that  given 
in  the  paragraph  on  the  strength  of  acids  (428)  have  been  of 
very  great  practical  convenience  to  chemists.  These  laws  fail 
only  when  the  salt  of  the  weak  acid  is  little  ionized,  a  case  so 
rare  that  the  usefulness  of  the  rules  is  virtually  unaffected.  The 
laws  are  of  course  only  special  cases  of  the  fundamental  one  that 
if  two  highly  ionized  substances  react  to  form  one  little  ionized  sub- 
stance and  one  highly  ionized  substance,  the  reaction  will  be  nearly 
complete. 

431.  Suppression  of  the  Ionization  of  a  Weak  Acid  or  a 
Weak  Base. — Since  the  strength  of  an  acid  or  a  base  is  deter- 
mined by  its  tendency  to  ionize,  any  factor  that  has  an  influence 
on  this  tendency  will  affect  the  strength  or  weakness  of  the  add 
or  base.  We  must  now  consider  this  important  subject  and  will 
begin  by  studying  the  action  of  NH4CI  on  a  solution  of  the  weak 
base  NH4OH. 
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If  we  add  a  little  phenolphthalein  to  very  dilute  NH,OH  a 
bright,  red-colored  solution  results.  This  shows  that  the  solu- 
tion is  alkaline,  and  therefore  that  it  contams  an  abundance  of 
OH"  ions.  Upon  addition  of  a  little  NH^CI  to  this  red  solution 
the  color  disappears  almost  completely.  This  proves  that  the 
number  oj  0H~  ions  present  has  been  very  greatly  decreased.  In 
iifder  to  understand  how  this  has  happened,  we  must  consider 
the  matter  from  the  standpoint  of  ionic  equilibrium.  A  solu- 
tion of  \'H(OH  is  ionized  to  a  small  extent,  thus : 

NH,OII^NH,+-|-OH-. 

Animonium  chloride,  on  the  other  hand,  is  very  highly  ionized: 

NH,CI^NH,+-|-Cl-. 

if  then  we  add  an  equivalent  amount  of  NH^Cl  to  a  dilute  solu- 
tion of  NH4OH,  the  number  of  NH,"^  ions  per  cubic  centimeter 
will  be  increased  many  fold.     The  0H~  ions  present  will  therefore 
collide  with  NH,"*"  ions  and  combine  with  them  far  more  fre- 
anlly  than  before.    Since  the  rate  of  dissociation  of  NH4OH 
des  into  ions  is  not  affected  by  the  presence  of  the  NH^CI, 
B  increased  rate  of  union  of  NH4+  and  0H~  ions  causes  a 
eat  shift  to  the  left  of  the  equilibrium 

NH,OH  =  NH,+-fOH-. 

(example,  it  has  been  found,  by  methods  that  we  need  not 
r  here,  that  the  addition  of  i  g.  of  NH,C1  to  100  c.c,  of 


lormal  NH^OH  will  decrease   the   number  of   0H~   ions 

sent  about  one  hundred  fold.     In  other  words,  the  ionization 

K  the  base  will  be  decreased  one  hundred  fold  (see  Figs.  64  and 

■S^.    We  may  now  state  the  general  law  of  which  the  case  just 
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studied  is  a  typical  example:  The  ionization  of  a  weak  base  is 
greatly  suppressed  by  the  addition  of  a  salt  of  the  base.  This 
means  that  a  weak  base  is  made  still  weaker  by  the  addition  of  its 
soluble  salts. 

In  a  similar  manner  the  ionization  of  a  weak  acid  is  greaUy 
suppressed  by  tiie  addition  of  any  of  its  soluble  salts;  lhaXis,aweak  ' 
acid  is  made  still  weaker  by  adding  one  of  its  salts.  For  example, 
the  addition  of  NaC,HjO,  to  a  red  solution  of  acetic  acid, 
HCjHjO,,  containing  litmus  changes  the  color  from  red  to 
purple,  thus  showing  a  great  decrease  in  the  number  of  H^  ions, 
and  therefore  a  great  decrease  in  ionization  of  the  acid. 

432,  The  Common  Ion  Law. — A  base  and  any  one  of  its 
salts  must  of  necessity  have  one  ion  in  common.  {The  NH,"*" 
ion  is  common  to  NH^OH  and  NHjC!.)  An  acid  also  must  have 
one  ion  in  common  with  any  of  its  salts.  We  may  therefore 
state  the  principle  of  the  foregoing  laws  as  follows:  Suppression 
of  the  ionization  of  a  little  ionized  substance  occurs  when  we  add  to 
its  solution  a  highly  ionized  substance  having  a  common  ion.  This 
is  the  Common  Ion  Law,  a  very  important  generalization.  The 
examples  already  cited  are  by  no  means  the  only  ones  of  impor- 
tance. For  example,  it  is  plain  that  the  ionization  of  NH4OH 
must  be  suppressed  by  the  addition  of  NaOH  or  KOH  because 
of  the  increase  in  concentration  of  the  common  0H~  ion;  and 
that  the  ionization  of  HCjHjOj  must  likewise  be  suppressed  by 
the  addition  of  any  strong  acid  like  HCl  or  HNOj.  The  effect 
of  a  highly  ionized  substance  on  the  ionization  of  another  highly 
ionized  substance  having  one  ion  in  common  is  of  the  same  tyi)e 
but  very  much  smaller  in  degree  than  when  the  second  substance 
is  slightly  ionized. 

We  shall  next  consider  the  application  of  the  Common  Ion 
Law  to  solutions  of  acids  and  bases  and  thus  obtain  a  definition 
of  the  term  neutrality. 

433-  Neutrality  Defined.— We  have  already  learned  (420) 
that  water  is  slightly  ionized,  thus, 

H,OsH++OH-. 
Each  cubic  centimeter  of  pure  water  must  therefore  contain 
exactly  as  many  H"""  as  0H~  ions.     Since  ail   acids  give  H'*1 


cids  give  H'^^h 
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ins,  the  addition  of  an  acid  to  water,  in  accord  -with  the  common 

I  hn  Uh',  will  greatly  suppress  the  ionization  of  water.     Therefore 

llddsolutions  will  contain  far  less  0H~  ions  per  cubic  centimeter 

n  pure  water.    In  an  acid  solution  the  number  of  H^  ions 

eatly  exceeds  the  number  of  0H~  ions.    The  ionization  of 

s  also  greatly  suppressed  by  the  addition  of  a  base,  since 

Abases  have  0H~  ions  in  common  with  water.     In  basic  solu- 

is  the  number  of  H+  ions  per  cubic  centimeter  is  far  less  than 

I  IB  pure  water  and  therefore  tie  number  of  0H~  ions  greatly 

xcecds  the  number  of  H"'^  ions.    Since  we  may  consider  water 

J  Ijpically  neutral  substance  we  may  define  a  neutral  solution  as 

one  in  which  the  number  of  H^  ions  equals  llie  number  of  On~ 

Jcnj.    Since,  as  we  have  already  learned,  a  strong  acid  completely 

neutralLBCs  a  strong  base,  as  for  example  in  the  reaction 

HCl+NaOH=NaCl+H,0, 

we  conclude  that  in  the  resulting  solution  the  number  of  If"  ions 
is  just  equal  to  the  number  of  OH"  ions:  this  is  the  criterion 
of  complete  neutrality, 

434.  First  Example  of  Class  III:  The  Action  of  a  Weak  Acid 
on  a  Strong  Base. — Under  Class  III  we  shall  study  reactions  in 
which  one  little  ionized  and  one  highly  ionized  substance  give 
products,  one  of  which  is  little  ionized,  the  other  highly  ionized. 
■^  the  first  example  we  shall  study  the  reaction  between  little 
ionized  acetic  acid  (a  weak  acid)  and  highly  ionized  sodium 
hydroidde  (a  strong  base).    These  react  thus; 

HCHjO, + NaOH  ^  H,0+ NaC,HjO,. 

Of  the  products,  water  is  very  slightly  ionized,  while  sodium 
acetate,  NaCjH,0,.  is  highly  ionized.  If  we  mix  equal  volumes 
"f  normal  solutions  of  HC,HjOj  and  NaOH,  that  is,  if  we  add 
'0  the  N'aOH  solution  exactly  that  quantity  of  acetic  acid  that 
'ou!d  neutralize  it  if  the  reaction  were  complete,  we  find  that 
'^Temlling  mixture  is  not  neutral  but  ts  still  alkaline  to  litmus. 
The  fact  that  the  mixture  is  alkaline  means  that  the  number  of 
H0~  ions  is  greater  than  the  number  of  H  *"  ions  present.     The 
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cause  of  this  condition  is  most  easily  understooij  by  aid  of  the 
compound  equation 

HCaH30a±5H++CaH30a- 

NaOH±50H-+Na+ 

It  it 

and  Figs.  66  and  67.  At  the  instant  of  mixing,  the  solution 
contains  an  abundance  of  OH"  ions  (Fig.  66);  these  reduce 
greatly  the  number  of  H"*"  ions  present  by  forming  HaO  molecules: 

H++OH-±*HaO. 
The  removal  of  H"*"  ions  disturbs  the  equilibrium 

HCaH30a^H++CaH30a-, 

which  shifts  greatly  to  the  right,  thus  producing  both  H+  and 
CaHjOa"  ions.    While  the  former  unite  with  OH"  ahnost  (but 
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Fig.  66 


Fig.  67 


not  quite)  completely,  the  latter  remain  for  the  larger  part  free 
in  the  solution,  and  by  their  great  tendency  to  unite  again  with 
H+  ions  to  form  little  ionized  HCaHjOa  serve  still  further  to 
diminish  the  number  of  free  H"^  ions.  In  the  final  equilibrium 
mixture,  shown  in  Fig.  67,  the  number  of  OH"  ions  is  greater 
than  the  number  of  H"^  ions  because  of  the  great  tendency  of  the 
latter  to  imite  readily  with  either  CaH30a"  ions  or  OH"  ions. 
That  the  OH"  ions  get  by  far  the  lion's  share  of  the  H"*"  ions  is 
owing  to  the  fact  that  water  is  much  less  ionized  than  acetic  add. 
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Snce  the  mixture  contains  more  0H~  than  H'''  ions  (see  Fig. 
6/1  il  is  not  neutral  but  alkaline. 

435.  The  Action  of  Water  on  Sodium  Acetate.^In  the  fore- 
guing  paragraph  we  studied  the  equilibrium 

HC,HA+ NaOH^NaC,HiO,+ H,0. 

^  The  composition  of  the  equilibrium  solution  was  shown  in  Fig.  67. 
HAmust  be  plain  from  the  deduction  of  281,  that  exactly  the  same 
HRquilibrium  solution  would  be  obtained  if  we  should  dissolve  in 
like  same  quantity  of  water  pure  sodium  acetate,  NaCaHjOj,  in 
eiacdy  the  amount  that  would  be  produced  by  the  complete 
union  of  all  the  HCH^Oj  and  NaOH  used  in  the  first  case.  As  a 
matter  of  fact  we  find  that  a  solution  0/  pure  sodium  acetate  is  not 
nrutrd  but  alkaline  to  litmus.  The  action  of  H^O  on  NaC^HjOj 
takes  place  thus:  the  salt  first  dissolves  and  at  once  ionizes 
highly  to  form  many  Na^  and  C^HjO^"  ions.  Water,  although 
but  slightly  ionized,  contains  some  H'*'  and  OH"  ions.  Occasional 
collisions  of  H^  and  CjHjO,"  ions  will  occur,  and  part  of  these 
coUigioos  win  result  in  imions  to  form  HCiHjO,  molecules;  and 
ii  the  latter  have  but  little  tendency  to  ionize,  the  result  is  a 
great  decrease  in  the  number  of  H"*"  ions  present.  This  in  turn 
disturbs  the  equilibrium 

H,O^H++OH-, 

which  in  consequence  shifts  to  the  right  and  so  brings  more  0H~ 

ions  into  the  solution.    A  few  but  not  many  of  the  OH"  ions 

unite  with  Na"*"  ions  to  form  molecules  of  NaOH,  but  most  of 

the  OH"  ions  remain  free,>  thus  producing  in  the  solution  a 

I     dedded  excess  of  OH"  ions  over  H^  ions  (see  Fig.  67}.  and  so 

^^p>Ung  the  solution  alkaline  to  litmus.     Briefly  stated,  water 

^^■cts  OQ  sodium  acetate  to  a  small  extent,  thus, 

^T  NaC,HA+H,O^HC,HA+NaOH, 

sndsince  NaOH  is  highly  ionized,  while  HC,HjO,  is  little  ionized, 
"he  reaction  of  the  solution  is  alkaline.  The  composition  of  a 
*'ater  Mlution  of  sodium  acetate  is  that  shown  in  Fig.  67. 

436.  Hydrolysis  of  Salts. — ^The  soluble  salts  of  all  weak  acids 
'"ilii  the  strong  bases  sodium,  .potassiimi,  caldimi,  or  barim 
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hydroxide  give  alkaline  solutions  when  dissolved  in  water.  In 
every  case  the  reason  is  the  same  as  that  given  for  the  alkaline 
reaction  of  sodium  acetate  solution.  The  effect  of  water  on  the 
salt  of  a  weak  acid  and  a  strong  base  is  an  example  of  the  type 
of  reaction  called  hydrolysis  (or  also  hydrolytic  dissociation). 
Hydrolysis  may  be  defined  as  a  double  decomposition  reaction 
in  which  water  is  one  of  the  reacting  substances.  The  solutions 
of  salts  of  all  weak  acids  and  strong  bases  are  alkaline  in  reaction. 
Other  things  being  equal,  the  weaker  the  acid  from  which  the  salt 
is  derived  the  greater  the  extent  of  the  hydrolysis;  that  is,  the 
greater  the  alkalinity  of  the  solution. 

On  the  other  hand,  some  salts  (other  than  add  salts  like 
NaHSOJ  give  solutions  that  have  an  acid  reaction  (176). 
Among  such  are  the  chlorides,  sulfates,  and  nitrates  of  copper, 
lead,  iron,  zinc,  aluminum,  etc.  Experiments  show  that  the 
hydroxides  of  all  these  elements  are  weak  bases.  It  would 
therefore  seem  probable  that  the  acidity  ot  solutions  of  the  salts 
of  these  bases  with  strong  acids  is  due  to  hydrolysis,  and  that 
the  behavior  of  such  salts  with  water  is  the  counterpart  of  the 
behavior  of  salts  of  weak  acids  with  strong  bases. 

437.  A  Second  Example  of  Class  m :  The  Action  of  a  Strong 
Acid  on  a  Weak  Base. — ^The  action  of  a  strong  acid  on  a  weak 
base  is  plainly  the  reverse  of  that  just  discussed:  the  action  ol 
water  on  the  salt  of  a  strong  acid  and  weak  base.  It  follows  that 
a  weak  base  does  not  react  completely  with  the  theoretical  01 
chemically  equivalent  amount  of  a  strong  acid,  and  in  con- 
sequence the  resulting  mixture  is  still  acid  in  its  reaction.  The 
action  of  HCl  on  the  weak  base  NH4OH  will  serve  as  a  simple 

illustration: 

NH,0H^0H-+NH4+ 

HC1^H++C1- 

it        it 

HaO      NH4CI. 

Comparison  of  this  reaction  with  that  for  HCaHjOa  and  NaOH 
where  we  have  a  weak  acid  and  strong  base  will  bring  out  com- 
plete analogy.  Experiment  shows  that  a  solution  of  NH4CI  in 
water  is  not    neutral  but  slightiy  add  in  reaction.    Briefly 
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staled,  XH4OH  does  not  completely  neutralize  an  equivalent 
amount  of  HCl  because  it  is  a  weak  base.  Conversely,  water 
acts  on  pure  NHjCI  to  form  some  free  HCl  and  NH4OH. 

438.  Class  IV:  The  Action  of  a  Weak  Acid  and  a  Weak 
Base.— Under  Class  IV  we  shall  include  reactions  between  two 
liriie  ionized  substances,  which  give  as  products  one  little  ionized 
Hid  one  highly  ionized  substance.  The  only  reactions  of  im- 
piirtance  in  Class  IV  are  those  between  a  weak  acid  and  a  weak 
_  base,  the  products  being  water  and  a  salt.  Acetic  acid  and 
montum  hydroxide  are  both  moderately  weak  (but  not 
mely  weak).    They  react  thus: 

HcjijO.+ nh,oh:^  nh,c,h,o,+ ho. 

e  reaction  is  not  complete,  as  in  the  case  of  the  action  of  a 
hrag  acid  and  a  strong  base,  but  reaches  equilibrium  when  a 

f  tenths  of  I  per  cent  of  the  free  im-ionized  acid  and  free 
b-ionized  base  are  stilt  present  in  the  solution.  The  conditions 
■fore  and  after  the  reactions  are  shown  in  Figs.  68  and  69. 


If  on  the  other  hand  the  solution  is  made  by  dissolving  solid 
^11,0^1,0^  in  water  partial  hydrolysis  takes  place,  giving  a 
■niiture  the  composition  of  which  is  also  represented  by  Fig.  69. 

If  both  acid  and  base  are  extremely  weak  the  extent  of  the 
iiyilrolysis  will  be  much  greater  than  in  the  case  of  NH^C,HjO,. 
'"  fict,  in  such  cases  hydrolysis  may  be  so  nearly  complete  that 
*<:  may  say  that  extremely  weak  acids  in  water  solution  do  not 
/<"«  salts  •u-itk  extremely  weak  bases. 
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^^439-  Heat  of  Ionization. — ^The  heat  liberated  or  absorbed  by 
the  complete  dissociation  into  its  ions  of  one  formula  weight 
of  a  dissolved  electrolyte  is  called  its  heat  of  ionization.  In 
some  cases  heat  is  absorbed,  in  other  cases  it  is  liberated,  when 
the  substances  are  ionized,  but  in  the  great  majority  of  cases 
the  heat  of  ionization  is  very  small.  For  practical  purposes  we 
may  say  that  the  heat  of  ionization  of  readily  ionizable  elec- 
trolytes is  almost  negligible.  Little  ionized  substances  often 
have  appreciable  heats  of  ionization.  This  is  notably  the  case 
with  water,  for  which  we  have  the  following, 

H++OH-->HaO+ 13,700  cal. 

It  was  stated  earlier  (362)  that  the  heat  of  neutralization  of 

a  strong  acid  by  a  strong  base  is  almost  the  same  in  all  cases, 

namely  13,700  calories.    The  reason  can  now  be  seen.    We 

know  that  in  the  neutralization  of  a  strong  acid  by  a  strong  base 

in  dilute  solution  the  principal  change  is  the  union  of  H"^  and  OH"" 

ions  to  form  water.    In  other  words,  the  simplified  equation  of 

neutralization  is 

H++OH-->HaO. 

Since  strong  acids  and  bases,  as  well  as  most  salts,  have 
negligible  heats  of  ionization;  and  since,  moreover,  very  little 
dissociation  or  union  of  ions,  other  than  H"^  and  OH",  occurs 
in  neutralization  (421,  Fig.  59),  the  heat  produced  in  the  reaction 
is  simply  that  due  to  the  formation  of  water  from  its  ions.  It 
is  for  this  reason  that  heats  of  neutralization  are  practically 
the  same  for  all  strong  acids  and  bases:  13,700  cal.  for  one 
formula  weight  (18  g.)  of  water  formed.  ^ 

The  heat  of  neutralization  of  ammonium  hydroxide  by  a 
strong  acid  is  12,300  calories.  The  difference,  13,700—12,300  = 
1,400  cal.,  is  the  heat  of  ionization  of  the  weak  base. 

In  reactions  between  solutions  of  two  highly  ionized  salts 
which  form  by  interaction  two  other  highly  ionized  and  easily 
soluble  salts  no  appreciable  heat  change  is  observed.  This  is 
because  in  such  reactions  very  little  change  takes  place  (418, 
Fig-  5S)>  ^md  such  changes  as  do  occur  are  accompanied  by  nearly 
negligible  heats  of  ionization. 
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440.  Indicators. — In  addition  to  litmus,  which  is  used  so 
often  to  indicate  the  acidity  or  alkalinity  of  solutions,  a  number  of 
other  colored  substances  are  also  employed.  These  are  called 
indicators.  The  more  important  indicators  besides  litmus  are 
phenolphthalein  and  methyl  orange.  The  former  is  a  colorless 
-ufetance  which  gives  a  bright  red  solution  with  alkahes. 
Methyl  orange  is  orange  color  in  neutral  solution,  pink  in  acid, 
md  yellow  in  alkaline  solution.  In  general,  indicators  are  very 
cumpJex  chemical  substances  whose  formulae  need  not  be  con- 
sidered at  present. 

Since  acid  solutions  always  contain  H"*"  ions  and  alkaline 
wlulions  0H~  ions,  we  may  say  that  an  indicator  is  a  substance 

ich  has  one  color  in  the  presence  of  an  excess  of  E^  ions  and 

Wiifereni  color  in  the  presence  of  an  excess  of  0H~  ions.    We 

■ght  expect  that  every  indicator  would  show  its  transition 

ide  of  color  in  an  exactly  neutral  solution;  that  is,  in  a  solu- 

11  where  the  number  of  H"*"  ions  equals  the  number  of  OH" 
This,  however,  is  not  the  case.  In  other  words,  most 
cators  do  not  indicate  perfect  neutrality.  Litmus  is  a  nearly 
irfect  indicator,  but  phenolphthalein  shows  a  change  of  color 
■hen  the  number  of  0H~  ions  equals  eighty  times  the  number 
oi  H"*"  ions;  that  is,  if  a  solution  contains  more  than  eighty 
limes  as  many  OH~  as  H'''  ions  it  colors  phenolphthalein  red 
(ihe  alkaline  color) ;  if  it  contains  less  than  eighty  times  as  many 
"H"  ions  as  H"''  ions  it  leaves  phenolphthalein  colorless.  On 
the  other  hand,  methyl  orange  shows  an  orange  color  (its  inter- 
mediate shade  between  pink,  the  acid  color,  and  yeUow,  the 
alkaline  color)  when  the  number  of  H""*  ions  is  about  a  milhon 
'imes  the  number  of  0H~  ions.  Anomalous  as  it  may  seem  at 
first  thought,  it  is  really  fortunate  that  many  of  our  indicators 
'I1  not  indicate  perfect  neutrality;  for  suppose  we  wish  to  dis- 
cover how  much  acetic  acid  a  certain  solution  contains.  We 
"uy  titrate  it  accurately  with  normal  or  dednormal  sodium 
V^iide  or  other  strong  base  if  we  use  the  right  indicator 
''37).  Now  we  have  learned  that  when  acetic  acid  is  mixed  with 
tiactly  the  theoretically  equivalent  amount  of  NaOH  the  result- 
'Bg  MiluUon  is  not  perfectly  neutral  but'in  reality  slightly  alkaline 
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(434) .  In  accord  with  this  we  found  that  a  solution  of  NaC3Hj<X  * 
was  slightly  alkaline  to  litmus,  showing  that  the  number  of  0H~ 
ions  was  greater  than  the  number  of  H"*"  ions.  Therefore  we 
must  use  as  a  titration  indicator  one  which  shows  its  change  of 
color  when  the  number  of  0H~  is  greater  than  the  number  of  H+ 
ions.  We  find  that  phenolphthalein  proves  to  be  just  right  for 
the  purpose.  In  general,  we  use  phenolphthalein  as  indicator 
in  titrating  all  moderately  weak  acids. 

If  we  wish  to  titrate  NH^OH  with  HCl  we  cannot  use 
phenolphthalein,  because  a  solution  of  NH4CI  contains  more  H"*" 
than  0H~  ions.  Such  a  solution  "seems"  acid  to  this  indicator. 
We  must  use  one  which  changes  color  when  the  number  of  H"*" 
ions  exceeds  the  number  of  0H~  ions,  and  for  this  case  we  find 
methyl  orange  satisfactory.  In  general,  we  use  methyl  orange 
in  titrating  moderately  weak  bases.  The  acid  used  in  such 
titrations  must  be  a  strong  one.  In  titrating  a  strong  base  with 
a  strong  acid  any  of  these  indicators  gives  sufficiently  accurate 
results.     Table  XVIII  gives  the  colors  of  indicators  in  solutions 


Hydiogen  ion  concentration. 
Hydroicyl  ion  coi 
Methyl  orange.  . 

Litmus 

Phenolphthalein 


Pink 
Red 
Colorless 


Yellow 
Purple 
Colorless 


Yellow 
Blue 
Red      m 


of  hydrogen  and  hydroxyl  ion  concentrations  near  those  at 
which  the  color  change  occurs.  In  this  table  the  concentrations 
are  given  in  gram  molecular  weights  per  liter.  If  the  H"*"  con- 
centration is  io~^  1,000  liters  contain  i  g.  of  H"*"  ion. 

441.  Summai7  on  Equilibrium  between  Soluble  Electro- 
lytes.—If  we  mix  solutions  of  two  electrolytes,  AB  and  CD, 
having  no  ion  in  common,  a  double  decomposition  reaction, 

AB+CD^AD+CB, 


takes  place  to  a  greater  or  less  extent,  because  of  the  tendency 
of  each  positive  ion  to  combine  with  each  negative  ion  preseaU 


tive  ion  present^ 


Lstan 
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If  all  four  substances  of  the  preceding  equation  are  highly 

ionized  (Class  I,  415),  the  mixed  solution  will  contain  largely 

[<fiiefour  sorts  of  free  ions,  A^,  B~ ,  C^,  andZJ".     Onlyasmall 

centage  of  the  dissolved  material  will  be  present  as  molecules. 

re  56  represents  equihbrium  conditions  in  an  example  in 

rhich  equivalent  amounts  of  initial  materials  were  used. 

If  one  of  the  four  substances  (say  AD)  is  little  ionized  (Class 

'.,  419),  then  the  large  nimibers  of  A^  and  D~  ions  shown  in 

56  cannot  e-xist  side  by  side  in  the  muted  solution,  since  they 

very  largely  combine  to  form  AD  molecules.    The  disap- 

rance  of  ^  ^  and  D~  ions  allows  A  B  and  CD  molecules  more 

completely  to  dissociate.    The  final  result,  shown  in 

Figs.  59,  61,  and  63,  is  a  nearly  complete  reaction,  AD  being 

present  almost  wholly  in  un-Jonized  form  and  CD  to  a  small 

extent  as  molecules,  but  largely  as  C"*"  and  D~  ions. 

A  generalization  of  much  importance  is  found  in  the  Common 
Ion  Law:    suppression  of  the  ionization  of  a  little  iotu'ze  sub- 
Stance  occurs  when  we  add  to  its  solution  a  highly  ionized 
jstance  having  a  common  ion. 

Since  in  pure  water  the  number  of  H^  ions  is  equal  to  the 
number  of  0H~  ions,  and  since  we  may  consider  pure  water  a 
perfectly  neutral  substance,  we  define  a  neutral  solution  as  one 
in  which  the  number  of  H^  ions  is  exactly  equal  to  the  number 
io£  0H~  ions. 

I  Class  III  (434,  437)  comprises  reactions  in  which  one  little 
ionized  substance  reacts  with  a  highly  ionized  substance  to 
form  products  one  of  which  is  slightly,  the  other  highly,  ionized. 
Examples  are  found  in  the  neutralization  of  a  weak  acid  by  a 
'■•'torig  base;  or  of  a  weak  base  by  a  strong  acid.  In  such  cases 
le  reaction  is  more  or  less  incomplete.  The  weaker  the  acid 
base  taken,  the  less  complete  is  the  neutralization.  Con- 
verselyj  salts  of  weak  acids  or  of  weak  bases  are  hydrolyzed  by 
water.  The  former  give  solutions  which  are  alkaline,  the  latter 
those  which  are  acid,  in  reaction.  This  kind  of  action  is  called 
hydrolytic  dissociation. 

Under  Class  IV  (438)  it  was  pointed  out  that  weak  acids  and 
'sak  bases  always  react  incompletely,  and  that  when  either 


I 
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or  both  are  extremely  weak,  salt  formation  may  not  occur 
solution  (177). 

We  have  seen  that  indicators  change  color  according  to  tl 
concentration  of  H"**  and  OH""  ions  present.  Litmus  shov 
its  neutral  tint  when  the  niunbers  of  H"**  and  0H~  ions  a] 
nearly  equal.  Phenolphthalein  requires  an  excess  of  OH 
ions  to  change  color,  while  methyl  orange  requires  an  excess  ^ 
H+  ions. 


CHAPTER  XIX 

APPLICATIONS  OF  THE  IONIC  HYPOTHESIS.    REACTIONS 
INVOLVING  CHANGES  OF  STATE 

442.  Introduction. — In  the  present  chapter  we  shall  study 
pedpitation  from  the  standpomt  of  the  ionic  hypothesis  in 
order  to  understand  the  underlying  principles  of  this  most 
important  means  of  separating  substances.  In  equations  for 
precipitation  reactions,  the  substance  precipitated  will  be  indi- 
cated by  a  downward-pointing  arrow. 

If  we  consider  the  familiar  examples  of  precipitation  repre- 
sented by  the  following  equations, 

AgNOa-hHCl^AgCll-hHNO,, 
BaCla+HaS04^BaS04l-h2HCl, 

we  might  conclude  that  AgCl  and  BaS04  ^.re  precipitated  because 
^ey  are  insoluble  in  water.  We  might  even  be  tempted  to  say 
^t  in  the  reaction 

AB+CD±^AD+CB, 

^  either  AD  or  CB  is  an  insoluble  substance  it  will  be  pre- 
cipitated. This  statement  contains  something  of  the  truth, 
^Ut  it  is  far  from  the  whole  truth,  as  the  following  examples  will 
PJ^ove.  Caldirai  carbonate,  CaCOj  (marble),  is  an  almost 
^^^^luble  substance.  If  we  mix  solutions  of  calcium  chloride 
^^d  carbonic  acid  we  might  expect  to  get  a  precipitate  of  calcium 
^^rbonate,  thus, 

CaCla+HaCO,i^CaC03>H-2HCl. 

^ot  a  trace  of  precipitate  is  formed.    On  the  other  hand  potas- 
sium chlorate,  KCIO3,  is  easily  soluble  in  water;  but  if  we  add 
^  saturated  solution  of  potassium  bromide,  KBr,  to  a  saturated 
^lution  of  sodium  chlorate,  NaClOj,  a  precipitate  of  KCIO3 
*orms.    Evidently  the  matter  is  not  as  simple  as  at  first  thought 
^t  appears  to  be.    The  separation  of  a  solid  from  a  solution  is 

275 


276 


Introduction  to  General  Chemistry 


obviously  the  reverse  of  the  passage  of  a  solid  into  solution. 
Accordingly,  in  beginning  the  study  of  precipitation,  it  will  be 
advisable  for  the  student  to  read  again  sections  120-33.  In 
section  122  it  is  stated,  "A  solution  which  at  a  fixed  tempera- 
ture will  dissolve  no  more  of  a  given  substance  is  called  a 
saturated  solution.  When  we  speak  of  the  solubility  of  a  sub- 
stance wc  mean  the  amount  of  substance  dissolved  in  a  given 
amount  of  water  in  the  case  of  the  saturated  solution." 

443.  The  Kinetic  Theory  of  Solution. — When  a  soluble  salt 
is  brought  into  water  its  molecules  begin  to  leave  the  surface 
of  the  solid  and  pass  into  the  water.  Immediately  thereafter 
dissolved  salt  molecules  will  occasionally  strike  the  surface 
of  the  sohd  and  in  some  cases  remain  attached  thereto.  Finally, 
when  the  solution  has  become  saturated  we  may  imagine  that 
the  equilibrium  between  dissolved  and  solid  salt  is  the  result 
of  the  passage  of  molecules  into  and  out  of  solution  at  exactly 
equal  rates,  thus; 

AB^AB 
Solid    Dissolved 

This  picture  is,  however,  incomplete,  since  the  salt  is  partly 
ionized.  The  dissolved  molecules  are  therefore  in  equilibrium 
with  their  ions  as  well  as  with  the  solid  salt,  thus: 

AB^AB^A'^+B-  Jfl 

Solid        Dissolved  ^^| 

444.  Graphic    Representation    of    a    Solid    Electrolyte    in 

Equilibrium  with  Its  Saturated  Solution. — We  shall  represent 


li,- 


Fig.  70 


a  solid  electrolyte  (acid,  base,  or  salt)  graphically  by  a  cross- 
hatched  square.  The  condition  of  a  saturated  solution  of  a 
soluble  salt  (NaCl,  for  example)  in  contact  with  an  excess  of 
the  solid  salt  may  then  be  represented  as  in  Fig.  70, 
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'      4^.  The  Solubility  of  Molecules.    Molecular  Solubility.— 

If  Be  except  a  small  number  of  electrolytes  like  sulfuric  and 

iiilric  adds,  which  mix  with  water  iii  all  proportions,  all  other 

IJ  acids,  bases,  and  salts  have  limited  solubilities  in  water.    Since 

^KftU  electrolytes  are  more  or  less  ionized  in  solution,  the  dissolved 

^FsobsUnce  is  present  partly  as  molecules  and  partly  as  ions. 

I      Therefore  the  total  solubility  0/  a  substance  in  a  solution  saturated 

•it  a  given  temperature  is  the  sum  of  the  solubility  of  its  molecules 

and  tiie  solubility  of  its  ions.     It  seems  reasonable  to  assume 

that  the  limited  solubility  of  an  electrolyte  as  a  whole  is  the 

result  of  the  limited  solubility  of  its  molecules  rather  than  of  its 

^—JQDS.    Two  reasons  may  be  given  for  this  assumption  which  will 

^^b  amply  confirmed  by  additional  evidence  to  be  considered 

^^  In  the  first  place  the  solid  salt  passes  into  and  out  of  solution 
IS  molecules  (see  Fig.  70).  If  the  molecules  have  a  limited 
solubility,  this  would  limit  the  solubility  of  the  ions  as  well,  since 
the  latter  and  the  former  are  directly  in  equilibrium.  Therefore 
a  is  iuffidcnt  to  assume  limited  solubility  of  the  molecules  in  order 
totxptain  limited  total  solubility.  Secondly,  the  small  solubility 
i  a  difficultly  soluble  salt  like  CaSO,  (100  c.c.  of  water  dissolve 
l.ssg.  of  CaSOJ  carmot  be  due  to  a  correspondingly  small 
plubUity  of  Ca"*"+  or  S0^~~  ions,  since  solutions  of  CaCl,  and 

say  other  easily  soluble  and  highly  ionized  calcium  salts  con- 
Ban  abundance  of  Ca++  ions,  and  solutions  of  H^SO,  and 

Uly  easily  soluble  and  highly  ionized  sulfates  contain  large 

Dficentiations  of  SOj~~  ions.  We  shall  assume,  therefore,  that 
t  a  given  temperature  the  solubility  of  an  acid,  base,  or  salt  is 

raited  by  the  solubility  of  its  molecules;  and  we  shall  call  the 
solubility  of  the  molecules  (in  the  saturated  solution)  the 
molecular  solubility  (abbreviated  M.S.)  of  the  substance.  Sum- 
f^arizing,  we  may  say  that  when  a  solid  electrolyte  is  mixed  with 
*skr  at  a  fixed  temperature  the  substance  dissolves  and  the 
(^onceiitration  of  the  solution  increases  until  the  M.S.  is  reached; 
'*ip  solution  is  then  saturated  (at  that  temperature),  and  the 
mulecules  are  in  equilibrium  with  the  ions  and  with  the  solid 
substance. 
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446.  The  Cause  of  Precipitation,— We  are  now  ready  to 
apply  the  foregoing  principles,  together  with  those  learned  in 
chapter  xviii,  to  the  process  of  precipitation.  We  have  learned 
(414)  that  in  the  reaction 

AB+CD'-^-.AD+CB,  ^H 

if  all  four  substances  are  easily  soluble  and  highly  ionized  tie 
resulting  solution  contains  largely  the  four  sorts  of  ions,  together 
.  with  small  proportions  of  the 
four  kinds  of  molecules.  The 
conditions  before  and  after 
the  reaction  are  shown  in  Figs. 
55  and  56.  Now  let  us  suppose 
that  one  of  the  products  AD 
is  not  very  soluble,  so  that  its 
molecular  solubility  (M.S.)  is 
"  less  than  that  corresponding  to 
the  concentration  of  the  mole- 
cules of  AD  formed  in  reaction 
(Fig.  56).  In  this  case  the 
*"  amount  of  molecules  of  AD 
formed  in  excess  of  the  M.S. 
will  separate  out  of  solution  as 
a  precipitate.  Fig.  71  shows 
the  resulting  condition  for  the  case  where  the  M.S.  of  AD  is 
rather  small  but  not  extremely  small.  By  comparison  of  Figs. 
56  and  71  we  see  that  an  appreciable  shift  in  equilibrium  of  the 
dissolved  substances  accompanies  the  partial  precipitation  of  A  D. 

447.  The  Precipitation  of  KClOj. — An  actual  example  con- 
forming perfectly  to  the  conditions  set  forth  in  the  preceding 
paragraph  is  found  in  the  reaction 

KBr+NaClOjsKClOjsl-t-NaBr. 

Of  the  four  salts,  all  are  very  soluble  except  KCiOj,  which  dis- 
solves only  to  the  extent  of  7  g.  in  100  c.c.  of  water  at  18°.  All 
four  salts  are  highly  and  about  equally  ionized  in  solutions  of 
equal  concentration.    The  conditions  of  the  solutions  of  ] 


Fic.  71 


solutions  of  KS;^— 
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and  NaClOj  before  mixing  are  shown  with  sutVioicnt  aivuraov 
by  Fig.  55,  while  Fig.  56  shows  the  condition  which  the  luixml 
solution  would  reach  if  KCIO3  were  also  very  soluble.  It  h«p 
pens,  however,  that  the  amount  of  molecular  Kt^lOj  which 
tends  to  be  formed  exceeds  the  rather  small  M.S.  of  this  sitlt 
stance,  and  in  consequence  the  excess  above  the  M.S.  separates 
as  a  precipitate.  Precipitation  continues  until  the  amount  of 
molecular  KCIO3  left  in  solution  is  equal  to  the  M.S.  of  this  sul> 
stance.  The  mixture  is  then  in  the  condition  of  e(|uilil>ritiin 
shown  in  Fig.  71.  Comparison  of  Figs.  56  and  71  shows  that 
the  removal  (by  precipitation)  of  KCIO3  from  the  .solution  causeM 
a  marked  shift  in  the  equilibrimn.  We  may  trace  the  stages  as 
follows:  Fig.  56  shows  the  condition  that  would  (rxist  if  no 
precipitation  occurred.  The  removal  of  KCK),,  results  in  thi: 
further  union  of  K"*"  and  CIO3"  ions  to  form  more  K(*10|,  T\u: 
resulting  loss  of  K+  and  ClOj"  ions  promotes  the  further  ioniza- 
tion of  KBr  and  NaClOj  respectively  and  thus  inr,n;av;H  Ih^; 
numbers  of  Br"  and  Na"*"  ions.  The  latter  ions  unite  in  j/art 
to  form  additional  molecular  XaBr.  The  fjnal  result  h  Ih^r 
change  from  the  condition  of  Fig.  56  V)  that  of  Hit,  71.  'I  hf, 
prindples  here  exemplified  apply  Uj  all  double  d':M/mj/'/>Jti'>ji 
precipitations. 

448.  The  Precipitation  of  CaCO>.     l>rt  U',  wr^  */tux\fU:j  a 
case  in  which  one  of  the  pr^xJucts  it  pp;'j;/iut/yl  *i;fj'/>,t  '//;/# 
pletely.    The  reaction 

m which  CaCO^  i*  tit  prtr,^>^V:  v/.'..  ./rr  .•;  >,  >  k.  */;/.'>..  .    ^  *  'it- 

factsKgJitly  sciibit.  kzxi  z^\  *jj^^.\'t  -<. ':--:.-  v.  v,*  ."^     "x 
^IS.   The  other  tirw:  u.t'.    ^.i/,      *'>.-^0     ■^"       -} 

°^^ween  aotstijcs*  '.c  Ct^/-.  i-'ji  y-i^//^    v-.-     -.%  ".'/•     -.^    .-.  • 
this 


re^KCt  fi  trjBXCWT-*:-^-  "rt^r-.v**- 


.»  't-> 


£3>r-5viiVr.      r'  c  ,  . 
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It  differs  however  from  this  reaction  in  that  the  M.S.  of  CaCOj' 
is  extremely  small  compared  with  the  M.S.  of  KClOj.  In  con- 
sequence the  CaCOj  formed  pre- 
n'^"  cipitates  almost  completely,  as 
/  illustrated  in  Fig.  72.  In  all 
double  decomposition  reactions 
-ti"  of  the  above-mentioned  types 
~i  (all  involved  substances  highly 

ionized)  llie  precipitation  is  the 
more  complete  the  less  the  M.S. 
.  D.to.     0/  the  prccipitale. 
;  449.  The  Action  of  H,COj 

on   CaClj.^In   section   442    it 
was   pointed   out   that   HjCOj 

I  ceo,  does  not  precipitate  CaCOj,  as 
wc  might  expect  according  to 
the  following  hypothetical 
equation:  fj 


CaCh-t-H^COj^CaCOj-H-jHCl.  ^ 

The  reason  is  as  follows:  carbonic  acid  H,COj  is  a  very  weak 
acid  and  in  consequence  yields  but  very  few  COj~~  ions;  and 
although  CaCl,  gives  an  abundance  of  Ca++  ions,  the  concen- 
tration of  CO3  ions  is  so  small  that  the  concentration  of 
CaCO]  molecules  formed  is  less  than  the  M.S.  of  this  substance. 
Therefore  no  precipitation  of  CaCOj  takes  place.  The  differ- 
ence in  behavior  of  HjCOj  and  NajCO^  toward  a  solution  of 
CaCL  is  wholly  due  to  the  difference  in  their  tendencies  to  ionize, 
in  consequence  of  which  a  solution  of  H,COj  contams  exceedingly 
few  COj~~  ions  as  compared  with  a  solution  of  NajCOj. 

The  behavior  of  H,COj  is  typical  of  that  of  all  weak  (little 
ionized)  electrolytes.  In  the  precipitation  of  salts,  weak  acids 
and  bases  are,  in  general,  less  efficient  precipitants  than  their 
salts,  since  the  latter  are  highly  ionized. 

450.  The  Precipitation  of  Magnesium  Hydroxide,  Mg(OH 
— ^We  shall  next  discuss  in  detail  the  precipitation  of  Mg(OH 
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not  so  much  because  of  the  chemical  importance  of  this  sub- 
Mance,  but  because  the  reactions  ilJuslrate  in  a  striking  way  some 
ef  ihe  most  important  principles  of  ionic  equilibrium. 

If  we  add  NaOH  to  a  solution  of  magnesium  chloride, 
HgClj,  we  obtain  an  abundant  white  precipitate  of  Mg(OH),| 
brmed  as  follows: 

MgCl.+  iNaOH  =  Mg(OH),|+  sNaCl. 

we  use  NH4OH  instead  of  NaOH  the  reaction  is  similar  but 
aches  a  state  of  equilibrium  when  only  a  part  of  the  magnesium 
precipitated: 

MgCh+2NH,OH=Mg(OH),4'4-jNH,CI, 

B  we  add  to  a  MgCI,  solution  a  solution  of  NH^OH  mixed  with 
sufficient  NH^CI,  no  precipitation  occurs.  We  shall  now  explain 
these  facts.  In  the  first  place  we  may  say  that  the  action  of 
NaOH  on  MgCli  is  analogous  to  the  action  of  Na^COj  on  CaCU, 
the  two  equations  being 

MgCl,+  2NaOH=;  Mg(OH),>t+  jNaCl, 
CaCl,+  Na^COj'^  CaCOj|+  2NaCl. 

SothMgCl,  and  NaOH,  like  CaCl,  and  Na,COj,  are  easily  solu- 
Weand  highly  ionized;  sodium  chloride,  one  of  the  products  in 
Sf  th  reactions,  is  also  highly  ionized.  The  other  product  in  the 
Itst  reaction,  Mg(OH)„  is  but  slightly  soluble,  and  like  CaCOj 
tis  therefore  precipitated  almost  completely. 

If,  however,  we  use  NH^OH  instead  of  NaOH,  the  reaction  is 
U"  from  complete.  The  reason  can  best  be  seen  by  the  aid  of 
IgB,  7j  and  74.  Figure  73  shows  the  condition  of  the  solutions 
tfore  they  are  mixed;  Fig.  74  represents  the  condition  of  the 
fixture. 

It  will  be  recalled,  as  shown  in  Fig.  73,  that  NH^OH  is  but 
■imc  ionized.  Still  its  solution  yields  sufficient  0H~  ions  to 
PMuce  in  reaction  with  magnesium  chloride  solution  more 
'^6(0H),  than  the  M.S.  of  the  latter  difficultly  soluble  substance. 
The  excess  of  Mg(OH),  above  its  M.S.  precipitates.  Fig.  74.  As 
lliese  changes  go  on,  molecules  of  NH^OH  continue  to  ionize,  thus 
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bringing  into  the  solution  far  more  NH4'**  ions  than  were 
originally  present  (cf.  Figs.  73  and  74).  The  presence  of  the 
large  excess  of  NH4+  ions  restricts  the  number  of  OH"  ions  to 
such  an  extent  that  a  state  of  equilibrium  is  reached  in  reaction, 

Mg(OH)a(dissolved)±5Mg+++20H-, 

while  there  is  still  a  considerable  amount  of  magnesium  in  the 
form  of  Mg"^"**  ions  and  MgCU  molecules  left  in  the  solution. 
After  this  condition  is  reached 
no  more  Mg(OH)a  precipi- 
tates. We  therefore  conclude 
that  NH4OH  precipitates 
Mg(OH)a  only  partially,  (i) 
because  NH4OH  is  a  weak  or 
little   ionized  base,  and   (2) 
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because  the  acciraiulation  of  NH4"^  ions  (Fig.  74)  finally  restricts 
the  OH"  concentration  to  so  small  a  value  that  the  Mg^"*" 
and  OH"  ions  are  just  in  equiUbriima  with  the  amount  of 
Mg(OH)a  corresponding  to  its  M.S.  It  will  now  be  easy  to 
understand  why  no  Mg(OH)a  is  precipitated  when  NH4OH, 
mixed  with  considerable  NH4CI,  is  added  to  a  MgCla  solution. 

The  NH4CI  furnishes  at  once  such  an  excess  of  NH4"^  ions 
that  the  OH"  concentration  is  decreased  to  so  small  a  value  that 
less  Mg(OH)a  is  formed  in  the  reaction 

Mg+++  2OH-  :t;  Mg(OH)a 

than  corresponds  to  its  M.S.    Therefore  no  precipitation  occurs. 

451.  The  Precipitation  of  Ferric  Hydroxide,  FeCOH)^.— The 

reaction 

FeCl,+3NH40Hi5Fe(OH)3>|.+3NH4Cl 
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lakes  place  with  the  practically  complete  precipitation  of  brown 
Fe(OH),,  which  is  almost  insoluble  in  water.  The  completeness 
of  precipitation  is  not  noticeably  affected  by  the  addition  of  much 
NHjCl.  There  are  two  reasons  for  the  difference  in  behavior  of 
fe(OH),  and  Mg(OH)i:  (1)  the  former  is  much  more  insoluble 
in  water  than  the  latter,  so  that  the  M.S.  of  the  latter  (although 
BDiall)  is  perhaps  1,000  limes  as  large  as  that  of  the  former; 
())  Mg(OH),  is  a  rather  strong  (highly  ionized)  base,  while 
F*(OH),  is  a  very  weak  base.     Therefore  in  the  reactions 


Mg+++aOH-^Mg{OH),  (dissolved), 
Fe++++30H-  =  Fe(0H),  (dissolved), 


^Br  equal  concentrations  of  Mg"*"*",  Fe''"'''''',  and  OH    ions  far 

Res  Mg(OH).  is  formed  than  Fe(OH),.    The  presence  of  NH,C1 

>    decreases  the  0H~  concentration  of  NHjOH,  but  not  sufficiently 

lo  prevent  the  practically  complete  precipitation  of  FeCOH), 

because  of  the  weakness  of  the  latter  and  its  exceedingly  small 

J.S.    The  weaker  a  base  and  the  smaller  its  M.S.,  the  more  com- 

tkly  is  it  precipitated  by  N IlfiH,  and  the  less  its  precipitation 

t  hindered  by  the  presence  of  ammonium  sails. 

452.  Classificatioa  of  Precipitations. — The  various  examples 
I  precipitation  just  studied  cover  the  important  principles  con- 
ned. We  may  now  cite  a  few  additional  examples  of  each  of 
Bse  classes  of  precipitation.    In  the  reaction 


KBr+NaClOj^KClOjI+NaBr, 


(447) 


Ifour  substances  are  highly  ionized,  and  all  but  KClOj  are  very 
luble.  The  latter  is  partially  precipitated  because  it  is  formed 
Mcess  of  its  not  very  large  M.S.  The  following  reactions  are 
this  class: 

CaCU-l-2NaC10,^3NaC14'+Ca(C10j)„ 
Pb(N0,),-f2NaCl  =  PbCl.|+jNaN0j,.  (167) 

CaCli-!-Na.S0^^CaS0,|+2NaCl.  (153) 

1  the  first  reaction  saturated  solutions  are  required  to  give  a 
Vdpitate  of  NaCI. 
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In  the  second  example  studied, 

CaCla+NaaC03±5CaC034<+  2NaCl,  (448) 

the  precipitate  CaCOj  has  an  extremely  small  M.S.  Its  pre- 
cipitation by  NaaCOj  is  almost  complete.  Other  reactions  of 
this  class  are: 

AgN03+NaCl=AgCl>I<+NaN03,  (382) 

AgN03+KBr=AgBr|+KN03,  (257) 

Pb(N03)a+CuS04=PbS04>^+Cu(N03)„  (167) 

BaCla+Na,S04=BaS04l+2NaCl,  (164) 

MgCL+ 2NaOH = Mg(OH)a|+ 2NaCl.  '            (450) 

In  the  third  example  (449)  it  was  shown  that  H2CO3  did  not 
give  with  CaCla  a  precipitate  of  CaCOj,  because  the  former  is 
very  little  ionized  and  therefore  yields  very  few  CO3  ions.  The 
following  pairs  of  substances  also  fail  to  give  precipitates,  because 
in  each  case  of  the  weakness  of  the  acid  coupled  with  the  moderate 
solubility  of  the  salt,  that  might  be  precipitated: 

CaCla  and  H3PO4, 
FeCla  and  HaS, 
AgNOj  and  HCaH30a. 

On  the  other  hand  the  reactions 

3CaCla+2Na3P04=Ca3(P04)al+6NaCl,  (158) 

FeCla+  (NH4)aS  =  FeS|+  2NH4CI, 
AgN03+NaCaH30a = AgCaH30a>^+NaN03, 

give  abundant  precipitates,  because,  instead  of  the  weak  adds, 
we  use  their  salts,  which  are  highly  ionized. 

The  fourth  example,  which  belongs  to  Class  II,  was  taken  up 
in  contrast  to  the  fifth  example,  which  is  typical  of  a  fourth  class 
of  precipitation  reactions.    The  fourth  and  fifth  examples  were: 

MgCla+2NaOH^Mg(OH)a>^+2NaCl,    •  (450) 

MgCla+  2NH4OH  ±^  Mg(OH)al+  2NH4CI.  (450) 

The  precipitation  of  Mg(OH)a  is  nearly  complete  in  the  first 
reaction  but  only  partial  in  the  second,  owing  to  the  moderate 
solubility  of  Mg(OH)a  and  the  little  ionization  of  NH4OH, 
especially  in  the  presence  of  its  salts. 


Applications  of  the  Ionic  Hypothesis 


385 


The  (oilowing  reaction  of  a  weak  electrolyte  (HjS)  also  results 
I  In  partial  precipitation: 

ZnCL+H,S^ZnS|+2HCl. 

In  this  case  the  precipitation  is  prevented  by  the  presence  of 

an  acess  of  HCl  or  other  strong  acid,  because  of  the  suppression 

J  of  the  ionization  of  the  H,S  by  the  H+  ions  of  the  strong  acid. 
I    The  sixth  example  dealt  with  the  precipitation  of  Fe(OH)j: 
I  Fea3+3NH,OH^FeCOH)jl.+3NH,Ci.  (451} 

b  this  case  the  precipitate  is  so  insoluble  (M.S.  so  small)  and 
10  weak  (little  ionized)  that  it  is  practicaUy  completely  pre- 
cipitated by  NH,OH  even  in  the  presence  oi  NHjCI.  Although 
*e  call  NH(OH  a  weak  base,  it  is  enormously  stronger  than 
Fe(OH),.  even  when  mixed  with  much  NH^Cl.  Other  reactions 
Lvhich  fall  into  this  class  are: 


AlCl3+3NH.OH=:Al(OH),|+3NH,Cl, 

CrC],+3NH,OH^Cr(OH  Ij^+^NH^CI, 

CuSO.+ H,S^-^  CuSi-+ H,SO^, 

Ag,SO, + H.S  i^  Ag,S  -!•+ H,SO.. 


(174) 
(344} 


Eicess  of  NH4CI  in  the  first  two  cases,  and  of  HCl  or  H,SO,  in 
ihe  last  two  cases,  fails  to  prevent  practically  complete  precipita- 
lion. 

453-  Precipitation  by  Adding  a  Substance  Having  a  Common 
Ion.— We  have  learned  in  the  foregoing  chapter  (432)  that  if  we 
add  to  the  solution  of  an  electrolyte,  AB,  enough  of  another 
highly  ionized  electrolyte,  AC,  having  a  common  ion,  A,  to 
inaease  the  concentration  of  the  common  ion,  the  degree  of 
iwiimtion  of  the  first  substance  will  be  suppressed.  If  now  the 
substance  AB  is  not  very  soluble,  the  suppression  of  its  ioniza- 
lioii  caused  by  adding  A  C  may  increase  the  concentration  of 
I'll;  A  B  moleoiles  to  such  an  extent  as  to  exceed  the  M.S.  of  A  B. 
h  consequence  part  of  i4S'will  separate  out  as  a  precipitate, 
for  example,  if  a  few  bubbles  of  HCl  gas  are  passed  into  a 
■atiiratcd  solution  of  NaCI,  a  precipitate  of  NaCI  is  formed.  A 
"niilar  result  is  also  produced  by  adding  a  little  concentrated 
^C'l  to  a  saturated  salt  solution.     In  each  case  the  ionization 
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of  the  salt  is  suppressed  by  reason  of  the  increase  in  concen 
tion  of  the  CI"  ions,  and  the  concentration  of  the  molecular  N 
increased  beyond  the  M.S.  of  this  substance.  Salt  pre< 
tates  until  the  concentration  of  molecular  NaCl  falls  to 
value  corresponding  to  its  M.S.  Another  example  illustra 
the  same  principle  is  found  in  the  precipitation  of  KCIO3  f: 
its  saturated  solution  by  the  addition  of  a  saturated  solu 
of  either  KBr  or  NaClOj.  We  may  say  that  as  a  general  rult 
total  solubility  of  a  salt  {molecular  and  ionic)  is  diminished  by 
presence  in  the  solution  of  another  electrolyte  having  a  common 
454.  Conditions  Favoring  Precipitation. — ^In  the  reaction 

AB+CD=^AD+CB 

precipitation  will  occur  if  one  of  the  products,  say  AD,  is  fon 
as  molecules  in  greater  concentration  than  its  molecular  s« 
bility.  In  brief,  if  the  M.S.  is  exceeded,  precipitation  will  oc 
Now  the  smaller  the  M.S.  of  AD,  the  more  probably  will  it 
exceeded. 

On  the  other  hand  the  M.S.  is  the  more  likely  to  be  excee 
the  greater  the  concentration  oi  AD  which  tends  to  be  produ 
in  the  reaction.    The  various  factors  which  determine 
amount  of  AD  produced  (when  AD  is  soluble)  have  been 
cussed  at  length  in  chapter  xviu  (Summary,  441). 

These  applications  of  the  ionic  hypothesis  have  the  follow 
bearing  on  the  practice  of  precipitation.  In  the  first  place 
we  are  to  precipitate  from  solution  an  "insoluble**  salt  of  a  w 
acid  we  use  as  the  precipitant  a  soluble  salt  of  the  weak  i 
instead  of  the  add  itself,  since  the  former  is  highly  ionL 
while  the  latter  is  not.  (The  term  precipitant  means  the  reaj 
added  to  cause  precipitation.)  If,  however,  we  are  to  predpii 
an  insoluble  chloride  we  may  use  either  a  soluble  chloride 
hydrochloric  add,  since  this  strong  add  is  as  highly  ionizec 
its  salt.  When  the  predpitant  is 'added  to  a  given  solutioi 
predpitate  may  not  appear  until  considerable  reagent  has  h 
added.  When  it  is  no  longer  possible  to  see  if  more  precipil 
is  forming  with  further  additions  of  the  reagent,  a  small  port 
of  the  mixture  is  filtered,  or,  better,  the  precipitate  is  allo^ 
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I  to  settle,  and  Uie  clear  solution  is  tested  with  more  of  the  pre- 

idpitant.     Only  moderate  excesses  of  the  precipitant  are  used 

■19  &  rule,  since  in  many  cases  the  precipitant  reacts  farther  with 

e  precipitate  to  fonn  new  and  soluble  compounds,  with  the 

itilt  that  the  precipitate  dissolves  in  an  excess  of  the  reagent 

dded. 

455.  Dissolving  Solid  Substances.^Substances  which  are 

kit  readily  soluble  in  water  often  dissolve  easily  in  solutions  of 

■r  electrolytes.     In  such  cases  we  may  imagine  that  chemical 

action  gives  rise  to  new  products  which  are  soluble  in  water. 

L  case  in  point:   Calcium  hydroxide,  Ca(OH)i,  is  but 

piliglitly  soluble  in  water   (o.i2g.   in   100  c.c),  giving  a  very 

'iilule  solution  known  as  limewater.     If  we  mix  a  few  grams  of 

CafOH),  with  100  cc.  of  water,  most  of  the  solid  remains  undis- 

P^ved.    If  now  we  add  dilute  HCI  to  the  mixture,  the  solid 

JJy  passes  completely  into  solution.    The  explanation  is  as 

lows:  The  small  amount  of  dissolved  Ca(OH),  (which  is  a 

rong  base)  is  neutralized  by  the  added  HCI  to  form  very  soluble 

^Cl„ 

Ca(OH),+2HCUXaCI,+  2H.O. 

lore  CaCOH),  then  dissolves  in  the  water  in  the  tendency  to 
p  the  concentration  of  the  dissolved  Ca(OH),  up  to  its  M.S.: 

Ca(0H),=Ca(0H).sCa+++20H- 
SoUd         Dissolved 

isfast  as  Ca{OH),  passes  into  solution  it  reacts  with  the  HCI 
If  the  chemically  equivalent  amount  of  HCI  is  added, 
D  Ca(OH),  will  finally  dissolve,  and  the  solution  will  consist 
^ply  of  CaCl,  dissolved  in  water. 

A  perfectly  analogous  reaction  is  foimd  in  the  dissolving  of 
le difficultly  soluble,  strong  base  Mg(OH)j  in  dilute  HCI: 

Mg{OH).+  2HC!^  MgCl.+  jH,0. 

1  if  the  base  is  weak  and  much  less  soluble  than  either 
[•(OH)j  or  Mg(OH)i,  it  will  usually  dissolve  in  water  upon  the 
oition  of  a  strong  acid.     For  example,  Fe(0H)3  is  a  very  weak 
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base  almost  insoluble  in  water;    it  dissolves  readily  in  dilute, 
HCl,  forming  a  solution  of  ferric  chloride, 


Fe(OH)3+3HCl^FeCl,+3H,0. 


n 


The  stages  in  the  process  of  dissolving  may  be  considered  to  be 
comparable  to  those  in  the  case  of  the  dissolving  of  Ca(OH)j  in 
dilute  HCl. 

Most  bases,  with  the  exception  of  the  hydroxides  of  sodium, 
potassium,  ammonium,  and  barium,  are  very  little  soluble 
in  water.  All  such  so-called  insoluble  bases  dissolve  in  dilute 
HCl,  HNOj,  and  H,SO,  to  form  clear  solutions,  if  their  cor- 
responding salts  with  these  acids  are  soluble  in  water. 

456.  Dissolving  Little  Soluble  Salts  of  Weak  Acids  by  Solu- 
tions of  Strong  Acids. — Silver  acetate  is  a  rather  difficultly  solu- 
ble salt  (i.og.  dissolves  in  100  c.c.  HjO  at  18°)  which  is  easily 
made  by  precipitating  AgNO,  with  NaCHjOj, 

AgN0,+NaC.HA~AgC,H,0,+NaNO,.  (433) 

If  we  mix  3  or  4  g.  of  AgCHjO,  with  100  c.c.  of  HjO,  only  a  small 
portion  dissolves;  but  upon  addition  of  dilute  HNOj  the  whole 
of  the  solid  passes  into  solution.  Silver  acetate  is  the  salt  of 
the  weak  acid  HC,HjO„  and,  as  we  have  already  learned  (428), 
a  strong  acid  reacts  more  or  less  completely  with  the  (soluble) 
salt  of  a  weak  acid  to  form  the  weak  acid  and  the  salt  of  the  strong 
acid.    This  was  shown  earlier  in  the  case  of  the  reaction 

HCl+NaC.H,0,^HC,HjO,+NaCl.  (434) 

Nitric  acid  reacts  similarly  with  the  dissolved  portion  of  the 
AgC,H,0„ 

HNO,-|-  AgCHjO^  =1  HC.HjO.+ AgNO,. 

The  reaction  is  nearly  complete,  and  both  products  are  easily 
soluble.  The  dissolved  molecular  AgC^HjO,  being  thus  removed 
from  the  solution,  more  of  the  soUd  passes  into  solution  in  the 
tendency  to  keep  the  concentration  of  molecular  AgCHjO,  up 
to  its  M.S.    But  as  this  salt  reacts  with  the  HNOj  present^ 


HNOj  present^ 
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s  it  comes  into  solution,  its  M.S.  is  never  reached,  so  that 
finaily  all  of  the  solid  passes  into  solution.  The  solution  con- 
sists largely  of  AgNOj  and  its  ions,  together  with  molecular 
leric  acid. 

In  many  other  cases  so-called  "insoluble"  salts  of  weak  acids 
ssolve  in  solutions  of  strong  acids  like  HCl,  HNO„  and  H,S04. 
be  following  reactions  are  of  this  type : 

FeS-|-aHCi  =  HjS-l-FcCl„ 

CaCO,-|-  2HCI =H,COj+  CaCl,, 

Caj(POJ,+6HCl  =  2H3PO,+  3CaCl,. 

jwever,  not  all  "insoluble"  salts  of  weak  acids  dissolve  in 
rong  adds.    For  eitample,  CuS,  which  comes  down  as  a  black 

ecipilate  when  H,S  is  passed  into  a  solution  of  a  copirer  salt, 

id  is  therefore  a  salt  of  the  very  weak  acid  H,S,  does  not  dissolve 
Ipfedably  in  cold  HCl,    The  reason  for  this  is  directly  trace- 

Ic  to  the  extremely  small  M.S.  of  CuS.     In  general  the  smaller 

e  M.S.  of  a  salt  of  a  weak  acid  the  less  soluble  it  is  in  a  strong 

Other  examples  of  this  sort  are  found  in  Ag^S  and  HgS, 

Btlier  of  which  is  dissolved  appreciably  by  dilute  HCl  or 

tso.. 

457.  Weak  Acids  and  Salts  of  Strong  Acids.— We  have 
idy  learned  (282)  that  the  equilibrium  mixture  has  the  same 
imposition  whether  we  start  with  one  pair  of  substances  of  a 
■Wction  or  the  equivalent  amounts  of  the  other  pair.  In  accord 
*ith  this  principle  we  always  find  that  if  a  reaction  takes  place 
pfactically  completely  in  one  direction,  the  reverse  of  the  reaction 
rfots  not  succeed  under  the  same  conditions  of  temperature  and 
rancenlration.  la  sections  449  and  452  it  was  stated  that 
™i»tures  of  the  following  pairs  of  substances  fail  to  give  pre- 
cp'Utes,  although  little  soluble  salts  would  be  formed  by 
'iouble  decomposition: 

H.COj  and  CaCf., 

HjPO<  and  CaCI,, 

H,S  and  FeCl,, 
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Therefore  we  may  be  certain  that  calcium  carbonate,  calci 
phosphate,  and  ferrous  sulphide  are  soluble  in  hydrochloric  acid, 
and  that  silver  acetate  is  soluble  in  nitric  acid.  Since  the  deter- 
mining factor  in  dissolving  each  of  these  salts  is  the  formation 
of  the  weak  acid,  we  may  go  farther  and  predict  that  any  strong 
acid  will  dissolve  these  salts.  Sometimes  a  new  insoluble  salt 
is  formed  by  the  strong  acid,  as  when  hydrochloric  acid  acts  on 
silver  acetate;  but  such  reactions  are  secondary  to  the  solution 
of  the  original  salts, 

458.  "Insoluble"  Salts  of  Strong  Acids. — ^The  "insoluble" 
salts  of  strong  acids  arc  not  as  a  rule  dissolved  to  an  appre* 
ciable  extent  by  solutions  of  other  strong  acids.  For  example, 
AgCl  is  not  appreciably  dissolved  by  HNOj,  although  the 
products  HCl  and  AgNOj  of  the  hypothetical  reaction 

AgCl-l-  HNOj = HC1+ AgNOi 

are  both  easily  soluble  substances.  A  reaction  in  which  both 
of  the  products  are  highly  ionized,  as  in  this  case,  falls  in  Class  I 
(414).  In  all  such  reactions  very  little  chemical  change  occurs, 
and  this  is  more  strikingly  true  the  more  dilute  the  solution.  As 
we  are  now  considering  the  case  where  one  of  the  substances 
taken  is  nearly  insoluble  in  water,  the  solution  of  this  substance 
must  be  exceedingly  dilute.  Comparing  the  action  of  HNOj 
on  AgCaHjOj  and  AgCl,  we  may  say  that  the  first  reaction  takes 
place  readily  because  of  the  tendency  of  H"*"  and  C,HjO,~  to 
unite  nearly  completely  to  form  little  ionized  HCHjOj;  and 
that  the  second  reaction  docs  not  progress  far  because  of  the 
slight  tendency  for  H"*"  and  Cl~  ions  to  unite,  since  HCl  is 
nearly  completely  ionized  in  very  dilute  solution. 

459.  Evolution  of  a  Gas. — Substances  may  separate  from 
solutions  in  two  ways:  (i)  as  solid  precipitates  and  (2)  as  gases. 
We  have  considered  the  first  case  and  shall  now  take  up  the 
second,  and  we  shall  see  that  if  a  substance  separates  from  a 
solution  as  a  gas  the  effect  on  the  ionic  equilibrium  is  the  same 
as  if  the  substance  separated  as  a  solid.  The  principles  that 
apply  to  precipitation  apply  also,  with  slight  obvious  modifica- 
tions,  to  gas  evolution.     Gases  have  limited  solubilities,  and 
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instead  of  the  M.S.  of  the  precipitate  we  have  the  molecular 
solubility  (M.S.)  of  the  gas.  Let  us  now  consider  a  few  well- 
knoffn  reactions  as  illustrations. 

460.  The  Action  of  H,SO,  on  KaCl.— If  we  mix  dilute  solu- 
tioDi  of  H,SO,  and  NaCl  no  visible  effect  is  produced,  although 
in  the  solution  the  reaction 

L  H,SO«+Naa^HCH-NaHSO, 

pskes  place  partially.  This  is  a  Class  I  reaction  (414)  since  all 
four  substances  are  easily  soluble  and  highly  ionized.  Therefore 
the  dilute  solution  contains  chiefly  the  ions  and  relatively  few 
molecules.  Nevertheless  some  HCl  molecules  are  formed  even 
in  dilute  solution,  but,  as  HCl  is  a  verj'  soluble  gas,  little  of  it 
escapes  from  the  solution  (251). 

On  the  other  hand  the  results  are  quite  different  if  but  little 
water  is  present.  In  making  hydrochloric  acid  (103)  58  g.  of 
^aCI,  100 g.  of  concentrated  HjSO,,  and  jog.  of  water  were 
miied  in  a  flask  and  gently  heated. 

The  proportions  of  NaCl  and  HjSOj  taken  were  those  indi- 
cilej  by  the  foregoing  equation,  since  the  100  g,  of  concentrated 
Jtiti  taken  consists  of  gS  g.  of  actual  H^SO,  and  2  g.  of  HjO. 
If  tile  reaction  should  take  place  completely,  36- 5  g-  of  HCl 
*ouId  be  formed.  This  is  far  more  HCl  than  the  32  g.  of  water 
pttsent  can  hold  in  solution,  especially  when  the  mixture  is 
"fated.  Therefore  HCl  gas  escapes  from  the  solution.  The  loss 
"i  HCl  by  the  solution  impedes  the  reverse  action  on  the 
NaHSO,  present  and  so  causes  a  great  shift  to  the  right  of  the 
*^uilibrium  that  would  otherwise  be  reached  in  the  reaction 


H,S04+ NaCl  ^  HCl  t + NaHSO.. 


i 

^Ba  consequence  this  reaction  goes  nearly  completely  from  left 

^H)ight  under  the  conditions  described  {103),  the  HCl  being 

^Hfm  off   as   gas.     In   equations  for   reactions  involving  gas 

^Bmution  the  gas  will  be  indicated  by  an  upward-pointing  arrow. 

461.  The  Action  of  HCl  on  CaCOj. — We  have  already  seen 

iliat  carbonic  aciil,  H^COj,  does  not  precipitate  CaCO^  from  a 

'-^Cl,  solution,  and  have  learned  that  this  is  because  HjCOj  is 
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so  little  ionized  that  insufficient  molecular  CaCOj  is  formed  to 
exceed  its  M.S.     This  fact  indicates  that  the  reactions  ^h 

2HCl+CaC0,^CaCl,+H,C0„ 
H,COj^H,0+CO,f, 

will  take  place  practically  completely,  since  in  all  reactions 
between  electrolytes  exactly  the  same  proportions  of  the  same 
products  result,  whether  we  start  with  one  pair  of  substances 
or  the  chemically  equivalent  amounts  of  the  other  pair  (282). 
The  dissolving  of  CaCOj  in  dilute  HCl  takes  place  as  follows: 
CaCOj  first  dissolves  to  the  limit  of  its  {very  small)  M.S.  in  the 
water  present;  the  dissolved  molecules  then  ionize  rather  highly: 

CaCOj^Ca+++COj— ■ 

The  CO3        ions  unite  nearly  completely  with  the  H"*"  ions 
the  highly  ionized  HCl  present, 

jiH++CO,--  =  H,COi, 

and  to  a  small  extent  Ca''"'"  and  Cl~  ions  unite  to  form  (easily 
ionized)  CaClj.  The  nearly  complete  removal  of  CO3  ions 
allows  the  further  ionization  of  CaCOj,  and  this  change  permits 
the  passage  of  more  solid  CaCOj  into  solution.  The  quantitative 
relations  are  such  that  these  changes  continue  until  all  CaCOj 
has  dissolved.  Incidentally  the  HiCOj,  which  is  unstable,  dis- 
sociates, to  a  large  extent,  into  water  and  CO,, 

H,COi=iH,0-|-CO,t, 

and,  as  the  latter  is  not  very  soluble,  much  of  it  passes  off  as 
a  gas. 

The  several  reactions  are  shown  in  the  following  diagram;  J 

CO,  (gas) 

it 
H,C0j=H,0+C0i 

If 


I 


2HCl=»a-+aH+ 
CaCO,=CaCO,aCa+++CO,- 

(SoUd)  It 

CaCl. 
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46a.  The  Action  of  NaOH  on  NH4CI.— Another  example  of 
I  p&  evolution,  which,  however,  does  not  introduce  any  new 
I  TJrinciple,  is  found  in  the  reaction 

NaOH+NH4Cl  =  NaCl+NH,OH, 

»iiidi  takes  place  more  or  less  completely  when  solutions  of  the 
Wo  initial  substances  are  mixed.  This  reaction  was  studied 
uinier  Class  II  (426),  where  it  was  pointed  out  that  it  takes  place 

]      nearly  completely  because  NH,OH  is  a  weak  base.     This  base 

Hk&Iso  unstable,  readily  cUssociating,  thus, 

H  NH^OH-H,0+NHj't', 

I  ind,  since  NHj  is  a  gas,  it  will  in  part  escape  from  the  solution. 
The  more  concentrated  the  solution  and  the  higher  the  tempera- 
lure  the  more  completely  will  the  NH,  be  evolved  as  gas.  The 
loss  of  NHj  from  the  solution  promotes  the  dissociation  of 
NHjOH,  and  this  in  turn  favors  a  further  shift  in  equilibrium 
a  left  to  right  in  the  main  reaction.  The  various  reactions 
dtbdr  relations  are  fully  shown  in  the  following  diagram: 

NH,  (gas) 
If 
NH,OH--^H,0-|-NHa 
!f 
NH,CI^C1-+NH,+ 
NaOH^Na++OH- 

ir 

XaCl 

.  The  Factors  Governing  Gas  Evolution. — The  various 

tors  which  are  favorable  to  gas  evolution  are  very  similar 

to  those  which  were  found  to  favor  precipitation,  although  there 

fCsoine  diilerences  aside  from  the  fact  that  in  the  one  case  we 

It  dealing  with  a  gas  and  in  the  other  with  a  solid  product.     If 

K  o(  the  products  of  a  reaction  is  gaseous  it  will  be  given  off 

n  the  solution,  the  more  completely,  the  larger  the  propor- 

n  of  it  formed  in  the  reaction  and  the  less  soluble  it  is.    In 

se  respects  gas  evolution  is  completely  analogous  to  precipita- 

Since  all  gases  are  less  soluble  at  high  than  at  low  tempera- 

i  evolution  is  always  more  complete  the  higher  the 
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temperature.  Gas  evolution  and  precipitation  differ  in  one 
very  important  additional  respect:  at  a  given  temperature  the 
M.S.  of  a  precipitate  has  a  fixed  value,  while  that  of  a  gas  depends 
upon  the  pressure  of  the  gas  above  its  solution.  In  most  cases 
the  total  solubility  and  therefore  also  M.S.  of  a  gas  is  directly 
proportional  to  its  (partial)  pressure  (Henry's  Law,  126).  If 
during  gas  evolution  the  partial  pressure  of  the  gas  given  off 
is  kept  down  by  removing  the  gas  (as  by  blowing  it  away  with  a 
stream  of  air)  as  fast  as  it  is  liberated,  its  M.S.  will  be  reduced  to 
a  vanishingly  small  value.  In  consequence  the  dissolved  gas 
will  be  practically  or  even  completely  removed  from  the  solution. 
Thus,  in  the  reaction  between  NaOH  and  NH4CI,  if  a  current  of 
air  is  blown  through  the  solution  every  trace  of  NH3  will  finally 
be  removed,  so  that  the  reaction  will  be  absolutely  complete. 
The  remaining  solution  will  contain  only  common  salt.  The 
same  result  is  attained  if  the  solution  is  boiled,  in  which  case  the 
evolved  steam  takes  the  place  of  the  air  current.  The  high 
temperature  also  hastens  the  removal  of  the  NH3.  All  reactions 
giving  gases  which  follow  Henry's  Law  may  be  driven  to  com- 
pletion by  the  continuous  removal  of  the  gas  by  means  of  a 
current  of  an  inert  gas  or  by  steam  produced  when  the  solution 
is  boiled.  We  have  seen  (455,  461)  that  the  reason  why  a  little 
soluble  salt  dissolves  is  the  eflScient  removal  from  solution  of  one 
or  both  of  its  ions  to  form  some  new  substance,  which  of  course 
must  be  soluble  or  volatile  if  the  resulting  mixture  is  to  be  a 
solution.  In  the  reactions  studied  so  far  the  removal  of  ions 
has  been  accomplished  by  the  formation  of  little  ionized  or 
little  soluble  substances.  There  are  other  ways  of  removing 
ions.  These  we  shall  take  up  later.  We  shall  find  that  the 
dissolving  of  little  soluble  substances  in  question  depend  up)on 
the  same  fundamental  principle,  and  that  these  new  cases  differ 
from  those  studied  in  this  chapter  only  in  secondary  ways,  the 
means  by  which  the  ions  in  question  are  removed  from  the  solu- 
tion (532,  560,  626). 

464.  The  Value  of  the  Ionic  Hypothesis. — In  chapters  xviii 
and  xix,  we  have  applied  the  ionic  hypothesis  to  the  interpreta- 
tion of  reactions  between  acids,  bases,  and  salts  and  have  seen 
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that  this  hypothesis  leads  to  fairly  simple  explanations  of  a 
great  variety  of  facts.  Furthermore  we  have  seen  that  if  we 
know  the  degrees  of  ionization  and  the  solubilities  of  the  sub- 
stances concerned  in  any  reaction  we  are  able  to  predict  what 
the  result  of  the  reaction  will  be.  Herein  lies  the  enormous 
practical  value  of  the  ionic  hypothesis. 

In  chapter  xvii  (412)  we  called  attention  to  some  of  the 
glaring  inconsistencies  of  the  hypothesis;  but  we  have  also 
pointed  out  that  the  practical  value  of  any  h)rpothesis  is  not  its 
truth  but  its  usefulness.  Having  now,  we  hope,  shown  its  use- 
fulness, we  shall  in  later  chapters  consider  whether  it  is  true 
(chaps.  XX,  xxvii). 


/  ELECTROCHEMISTRY 

'  465.  Introduction. — The  present  chapter  will  deal  first  with 
some  of  the  marvelous  developments  of  our  knowledge  of  elec- 
tricity and  matter  during  the  last  two  decades.  We  now  have 
good  reason  for  believing  that  electricity  like  matter  is  of  a 
granular  or  "atomic"  nature.  The  grains  or  "atoms"  of  free 
electricity  are  all  exactly  alike  and  of  the  variety  known  as 
negative  electricity.  These  grains  are  called  electrons.  Posi- 
tive electricity  is  not  known  in  a  free  state;  that  is,  it  is  only 
known  as  a  positive  charge  on  ordinary  chemical  atoms  or 
larger  masses  of  matter. 

466.  The  Granular  Nature  of  Electricity;  Electrons. — In 
chapter  xvii  (403)  it  was  shown  that  Faraday's  Law  of  Electro- 
chemical Equivalents  leads  directly  to  the  conclusion  that  42^ 
univalent  ions,  in  solution,  carry  equal  charges  of  eleclrkily  (404). 
The  charge  on  a  single  univalent  ion  may  be  called  a  unit  charge. 
Each  bivalent  ion  has  two  unit  charges,  each  trivalent  ion  three 
unit  charges,  etc.  As  early  as  1S74  Stoney  pointed  out  that  these 
facts  indicate  that  electricity  is  granular  in  nature,  that  each 
univalent  atom  is  associated  with  one  such  granule  to  form  a 
univalent  ion,  that  a  bivalent  ion  is  an  atom  with  two  granules 
of  electricity,  etc.  Furthermore  a  httle  later  he  proposed  to 
call  the  quantity  of  electricity  of  a  single  granule  an  electron. 
This  quantity  is  exceedingly  minute.  The  common  unit  of 
quantity,  one  coulomb,  is  equal  to  more  than  a  billion  billion 
electrons.  According  to  present-day  usage  the  term  electron 
means  a  single  electronegative  granule  of  electricity. 

467,  Proof  of  the  Existence  of  Electrons. — Although  evidence 
was  gradually  accumulating  during  the  last  quarter  of  the  nine- 
teenth century,  it  was  not  until  more  recently  that  positive 
evidence  was  obtained  that  electricity  is  granular  and  is  made 
up  of  electrons.     The  crowning  work  was   that  of  Professor 
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Kohi>rt  Millikon,  an  American  physicist  who  showed  that  when 
t  very  small  sphere  is  charged  with  more  and  more  electricity 
&t  qtmnHty  of  electricity  increases  by  small,  equal  additions,  and 
Wst  continuously.  This  is  exactly  what  we  should  expect  if  the 
iarge  is  made  up  of  a  small  number  of  electrons. 

The  spheres  used  were  oil  drops  of  microscopic  size,  not 
nmch  larger,  in  fact,  than  the  particles  of  dust  that  can  be  seen 
Boating  in  the  air  when  a  beam  of  sunlight  penetrates  a  dark- 
ed  room.  A  drop  was  made  visible  by  a  beam  of  bright  light 
dwas  viewed  through  a  short-focus  telescope.  In  still,  dust- 
*  air  the  drop  fell,  under  the  action  of  gravity,  at  a  constant 
Wlodly  that  could  be  accurately  measured.     It  is  interesting 
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to  note  that  although  every  body,  however  small,  will  fail  with 
Meadily  increasing  velocity  in  a  vacuum,  a  very  small  body 
™lswith  constant  velocity  in  air,  owing  to  the  viscosity  of  the 
■Iter.  The  drops  used  fell  with  a  velocity  of  about  one  milli- 
Ifter  per  second.  The  principal  parts  of  Millikan's  apparatus 
MeshowninFig.  75:  Afand  iV  are  parallel  metal  plates  insulated 
WW  one  another  and  connected  through  a  switch  to  the  terminals 
W  a  high-potential  battery,  B.  The  upper  plate,  M,  can  be 
ed  positively  and  the  lower  one,  .V,  negatively.  A  minute 
oil  drop,  /),  is  caused  to  fall  into  the  space  between  M  and  N 
through  a  pinhole  in  the  center  of  M,  and  its  rate  of  fall  is 
lieasured  while  M  and  N  are  uncharged,  observations  being 
""Wle  with  a  telescope,  T.  A  minute  negative  charge  is  then 
pvea  to  the  drop  (in  a  way  that  need  not  be  considered  at 
present),  and  the  plates  M  and  N  are  charged.    The  drop  is 
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now  attracted  by  M  and  repeUed  by  N,  so  that  it  moves  upward. 
When  it  is  close  to  M  the  electric  field  is  switched  off  {S,  switch; 
E,  earth),  and  the  drop  is  again  allowed  to  fall,  and  its  speed 
(time  of  fall)  is  again  measured.  With  uncharged  plates  (field 
off)  the  drop  falls  at  exactly  the  same  rate,  whether  it  is  charged 
or  uncharged.  Next  its  speed  upward  is  measured  with  the 
field  on.  This  speed  is  always  the  same  as  long  as  the  charges 
on  M  and  N  remain  constant  (constant  field),  and  the  charge 
on  the  drop  is  unchanged.  But  increase  of  negative  charge  on 
the  drop  increases  the  upward  speed,  and  decrease  of  negative 
charge  decreases  the  upward  speed,  the  field  remaining  constant. 
The  speed  upward  is  a  measure  of  the  force  of  electrical  attrac- 
tion by  M  and  repulsion  by  N  of  the  charged  drop  and  is  there- 
fore a  measure  of  the  charge  on  the  drop.  A  drop  could  be  made 
to  make  hundreds  of  trips  up  and  down.  The  downward 
velocity  {field  off)  was  always  the  same;  the  upward  velocity 
(field  on)  varied  with  the  charge.  The  charge  for  each  upward 
speed  was  found  by  a  simple  calculation.'  It  turned  out  that 
the  charge  on  the  drop  was  in  every  case  a  multiple  by  a  whole 
number  of  the  smallest  possible  charge  on  the  drop.  Thousands 
of  observations  were  made  in  these  experiments,  but  not  an 
exception  was  foimd  to  the  foregoing  statement.  This  proves 
conclusively  lltat  electricity  is  granular  in  nature.  It  has  been 
shown  in  other  ways  that  the  granules  of  electricity  composing 
the  charge  on  an  oil  drop  are  of  llie  same  magnitude  as  the  unit 
charges  of  ions  of  electrolytes  in  solution.  We  may  therefore  call 
them  electrons  and  say  that  all  electric  charges  are  made  up  of 
one  or  more  electrons.  In  Milhkan's  expermients  the  oil  drops 
used  were  observed  to  carry  all  possible  charges  from  a  single 
electron  to  over  a  hundred  electrons;  in  no  single  case  was  a 
fraction  of  an  electron  found.  The  electron  is  therefore  tlic 
smallest  indivisible  particle  of  electricity. 

•f^  468.  The  Nature  of  an  Electric  Current. — The  relation  of 
an  electric  charge  to  an  electric  current  was  first  dearly  estab- 
hshed  in  1876  by  the  American  physicist  Rowland,  who  showed 

'A  popular  account  of  I'rofcssor  MJllikan's  work  is  given  in  hb  book,  Tie 
Electron.     Chicago;   The  University  of  Chicago  Press,  1917. 
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'  that  when  an  elec^jcall^  charged  ^ilt  disk  was  very  rapidly 
rotated  it  produced  the  same  sort  of  deflection  on  a  magnetic 
needle  as  that  due  to  a  current  of  electricity  flowing  through  a 
wire  having  the  same  position  with  respect  to  the  needle  as 
that  occupied  by  the  disk,  Fig.  76.  This  experiment  proved 
that  a  current  of  electricity  is  twilling  but  an  electric  chargfi. 
m  motion  y  just  as  a  current  of  water  is  nothing  but  water  in 
motion. 

469.  The  Electron  Theory  of  Electric  Currents.— If  we 
accept  the  view  that  an  electric  current  is  an  electric  charge  in 
moUon,  and  also  take  into  account  the  fact  that  an  electric 

-charge  is  merely  an  assemblage  of  electrons,  we  are  at  once  led 
0  the  supposition  that  a  current  in  a  wire 
U  only  a  stream  of  electrons  passing  through 
k  mre. 

470.  The  Structure   of  an  Atom. — If 
sue  think  of  a  metal  wire  as  made  up  of 

F'solid,"   impenetrable  atoms,   it  is  not 

reasonable    to    imagine    that    par-  I       ' 

r^les  of  electricity  (electrons)  could  pass  | 

through     it.     However,    physicists    and  ^^^^   .^ 

chemists  have  in   recent   times  come  to 
ihe  conclusion  that  an  atom  is  by  no  means  a  homogeneous, 
solid  lump,  but  that  it  is  a  rather  complex  structure,  con- 
sisting largely  or  even  wholly  of  negative  electrons  rotating 
I  n  more  or  less  circular  orbits  about  a  positively  charged 
The   sum  of  the  negative  charges  of  the  electrons 
t  exactly  equal  to  the  positive  charge  of  the  nucleus,  so  that, 
r^  a  whole,  an   atom   has  no  excess  of  either  kind  of  elec- 
f  Incity.    The  structure  of  an  atom  may  be  likened  to  that  of 
I  the  solar  system,  in  which  the  sun  corresponds  to  the  nucleus 
snd  the  planets  to  the  surrounding  electrons.     The  distances 
Ktween  the  electrons  composing  an  atom  are  probably  large 
^^'''ipared  with  the  size  of  an  electron,  so  that  a  stray  electron 
■"ifibt  pass  through  an  atom  with  the  same  ease  that  a  comt't 
IMsses  through  the  solar  system,  or  a  bullet  may  pass  through 
a  Bock  of  birds  without  striking  any  one  of  them. 
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471.  How  a  Wire  ^^Carries  a  Current" — ^If  we  think  of  a 
wire  as  made  up  of  atoms  of  the  sort  here  pictured,  it  is  easy  to 
see  how  a  stream  of  electrons  might  pass  through  it.  In  a  wire 
(not  connected  with  any  electrical  source)  some  electrons  are 
continuously  becoming  detached  from  their  original  atoms; 
these  probably  move  through  and  among  the  atoms,  occasionally 
replacing,  for  the  time  being,  those  that  have  been  lost  by  other 
atoms.  A  metal  always  contains  more  or  less  of  these  free, 
wandering  electrons,  as  well  as  an  equal  number  of  atoms  which 
are  deficient  in  electrons.  When  the  terminals  of  a  battery  are 
joined  by  a  wire,  the  positive  pole  of  the  battery  attracts  and 
the  negative  pole  repels  the  free  electrons  of  the  wire.  This 
causes  a  drift  of  electrons  along  the  wire,  and  this  drift  of  electrons 
constitutes  the  current  in  the  wire.  The  progress  of  electrons  in 
the  direction  of  the  drift  is  slow,  a  matter  of  a  few  centimeters 
per  minute.  The  well-known  fact  that  the  eflFect  of  closing  an 
electric  circuit  is  felt  almost  instantaneously  at  a  great  distance 
(as  illustrated,  for  example,  by  our  everyday  telephone  experi- 
ence) is  explained  by  the  assumption  that  all  the  mobile  electrons 
in  the  wires  of  the  circuit  move  forward  at  the  instant  the  circuit 
is  closed.  The  case  is  just  like  that  of  drawing  water  from  a 
supply  pipe;  water  flows  out  the  instant  the  faucet  is  opened, 
being  pushed  forward  along  the  whole  pipe  by  the  water  forced 
into  the  pipe  by  the  pump. 

472.  The  Direction  of  an  Electric  Current. — Before  the 
nature  of  an  electric  current  had  been  discovered  it  was  cus- 
tomary to  consider  that  the  current  in  the  wire  flowed  from  the 
positive  to  the  negative  pole.  Since  the  drift  or  flow  of  electrons 
is  in  the  opposite  direction,  there  is  danger  of  misunderstanding 
in  speaking  of  the  direction  of  the  current.  It  is  perhaps  best 
to  speak  of  the  direction  of  the  negative  current,  which  is  then 
the  direction  of  drift  of  the  electrons. 

473.  Nonconductors  of  Electricity. — ^All  metals  are  good  con- 
ductorsi  but  the  non-metals  are  practically  nonconductors  or  in- 
sulators. To  account  for  this  difference  we  have  only  to  suppose 
that  a  non-metal,  like  sulfur,  contains  but  very  few  free  or  mobile 
electrons  and  therefore  has  very  little  ability  to  carry  a  current 
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474.  Production  of  Electric  Charges  by  Friction. — If  a  glass 
I'lod  is  rubbed  with  a  piece  of  silk,  the  former  takes  on  a  positive, 
%J&e  IntLer  a  negative,  charge.    This  is  explained  by  assuming 

iil  a  few  stray  electrons  of  the  glass  have  been  "wiped  of!"  by 
K  silk.  The  rubbing  of  the  glass  by  the  silk  is  of  importance 
Bily  in  insuring  intimate  contact  between  the  two.  Another 
example  of  similar  nature  is  found  in  the  familiar  electrification 
of  the  hair  when  combed  with  a  hard-rubber  comb  in  dry  weather. 
Here  the  comb  acquires  a  negative  charge  and  the  hair  a  posi- 
tive one.  In  general,  wAcn  any  two  different  substances  are  brought 
loittlur  they  become  electrified  with  opposite  charges.  Thii  may  be 
taken  to  mean  that  electrons  accumulate  in  excess  more  easily 

0  some  kinds  of  matter  than  on  others. 

475.  Cathode    Rays.— 
jWieti  a  high-voltage  electric 

irrent  is  passed  through  a 
Dokes  tube,  Fig.  77,  which 

1  an  evacuated  glass  bulb 
1    metallic  cathode, 

';  and  an  anode,  A ,  rays, 
known  as  cathode  rays,  are  given  o5  by  the  cathode  and  cause 
a  yellowish-green  fiuorescence  of  the  opposite  end  of  the  tube. 
These  rays  are  readily  stopped  by  a  sheet  of  metal,  as  shown  by 
the  fact  that  a  screen  (in  the  form  of  a  Maltese  croiw)  casts  its 
^»&im  on  the  glass.  Even  transparent  substances  like  gloM 
do  not  transmit  the  cathode  rays  any  better  than  do  metal  sheet* 
"f  comparable  thickness.  Extremely  thin  sheets  of  material  like 
aluminum  or  gold  leaf  permit  partial  transmission  of  the  cathode 
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476.  X-Rays. — Cathode  raj's  produce  X-r«ys,  also  known  as 
''oealgeo  rays,  which  radiate  from  any  object  struck  by  the 
'unncr.  A  modem  X-ray  tube  U  shown  in  Fig.  78.  This  is  a 
■iiadiBed  Crookes  tube,  intended  for  the  utte  of  large  currents 
and  the  productioo  of  powerful  X-rays.  The  cathode  rays  come 
inn  Ibc  spedally  coostructed  cathod«,  C,  and  strike  a  target,  T, 
made  of  metallic  tmigiteot  whkb  metal  is  chosen  hecauM  of  its 
very  hiirfa  meJtii^-poait  {^ooo').    V^lien  the  r-athode  rays  are 
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stopped  by  the  target,  part  of  their  energy  is  transformed  into 
X-rays,  and  the  balance  appears  as  heat,  so  that  the  target 
becomes  red,  or  even  white,  hot.  Recent  work  has  proved  that 
the  X-rays,  which  are  very  different  from  the  cathode  rays,  are, 
like  visible  light,  vibrations  of  the  so-called  Imninous  ether  and 
differ  from  visible  light  in  having  wave-lengths  about  one- 
thousandth  as  great  as  the  latter.  ^ 
477.  The  Nature  of  Cathode  Rays. — ^The  extensive  investiga- 
tions of  Sir  William  Crookes  on  cathode  rays,  during  the  seventies 
of  the  last  century,  led  this  famous  English  physicist  to  con- 
clude  that   these  rays  were  matter  in  a  highly  rarefied  or 


Fig.  78 

ultra-gaseous  state,  which  he  called  a  fourth  state  of  matter 
(the  other  three  states  being  solid,  liquid,  and  gaseous).  And 
in  the  light  of  our  present  knowledge  of  the  real  nature  of  these 
remarkable  rays  we  must  admit  that  Crookes's  conclusion  was 
substantially  correct,  although  it  was  by  no  means  the  last  word 
on  the  subject. 

It  has  long  been  known  that  cathode  rays  travel  in  a  straight 
line  in  a  vacuum,  but  that  they  may  be  deflected  in  an  arc  of  a 
circle  by  a  transverse  magnetic  fl^ld.  The  apparatus  shown  in 
Fig.  79  serves  for  lecture  demonstration  of  this  interesting 
phenomenon.  A  narrow  beam  of  rays  coming  from  the  cathode 
and  passing  through  a  slit  in  a  mica  plate  strikes  along  a  screen 
covered  with  a  specially  prepared  form  of  zinc  sulfide,  which 
becomes  luminous  in  the  line  where  it  is  struck  by  the  rays.  If 
now  a  horseshoe  magnet  is  presented  so  that  the  N  pole  is  above 
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the  plane  of  the  paper  and  the  S  pole  below  it,  the  beam  is 
dtficcled  to  the  position  of  the  curved  line. 

It  13  a  well-known  fact  that  a  wire,  free  to  move,  is  deflected 
Ity  a  magnetic  field  when  a  current  is  passed  through  it.  The 
liirection  of  deflection  of  the  wire  is  determined  by  the  direction 
'^i  the  current  in  the  wire.  The  deflection  of  the  cathode  rays 
Ijy  a  magnetic  field  indicates  that  the  rays  are  electricity  in 
■iiulion,  the  direction  of  deflection  corresponding  to  that  of  a 
-trcam  of  negative  electricity  coming  from  the  cathode,  which  is, 
uf  course,  the  negative  electrode.  If  we  grant  that  the  current 
in  ihe  wire  leading  to  the  cathode  is,  in  reality,  only  a  stream  of 
native  electrons  in  the  wire,  we  have  only  to  suppose  that  these 
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Mfj  do  not  stop  on  reacliing  the  cathode,  but  shoot  out  from  the 
9jau  oj  the  latter  and  thus  constitute  the  cathode  rays. 
I  178.  Proof  that  the  Cathode  Rays  Are  a  Stream  of  Electrons. 
rThe  conclusive  proof  that  the  cathode  rays  are  a  stream  of 
E&tive  electricity  (presumably  electrons,  since  all  negative 
i  consist  of  electrons)  was  furnished  by  the  work  of 
io,  a  French  physicist.  Perrin's  apparatus  is  shown  in 
It  was  a  special  form  of  Crookes  tube  having  the 
ule  at  C,  the  anode  at  A,  and  at  B  an  insulated  metal 
Biver,  into  which  the  cathode  rays  could  be  deflected  by  means 
Ka  nagnet.  This  recei^-er  was  connected  by  a  wire  to  an  elec- 
,  capable  of  detecting  any  electric  charge  given  to  the 

t  tnd  determining  its  sign,  whether  positive  or  negative. 

Vhm  the  cathode  rays  were  started  no  charge  passed  into  the 

'Kever  until  the  rays  were  magnetically  deflected  so  as  to  fall 

)  the  receiver;    thea  the  latter  acquired  a  lai>ri;  negative 
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charge.  To  guard  against  stray  dectric  charges  the  receiver 
was  surrounded  by  a  metal  shield  connected  to  the  earth,  £. 
The  experiments  above  described,  together  with  many  other 
facts,  have  led  to  the  conclusion  that  the  cathode  rays  are  com- 
posed of  negative  electrons  shot  out  from  the  cathode  with  high 
velocity. 

479*  The  Mass  of  an  Electron. — ^An  electron  behaves  as 
though  it  had  mass.  In  the  first  place  we  know  that  moving 
electrons  have  energy,  since  the  cathode  rays  can  produce  light, 
heat,  and  X-rays,  all  of  which  are  forms  of  energy.  Since  the 
kinetic  energy  of  a  moving  body  is  proportional  to  the  product 
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of  its  mass  and  the  square  of  its  velocity,  we  can  account  for 
the  energy  of  the  cathode  rays  by  assuming  the  electrons  to 
have  mass.  Furthermore  the  fact  that  it  requires  an  appreciable 
magnetic  force  to  deflect  the  cathode  rays  and  that  the  extent 
of  the  deflection  (for  rays  of  a  given  velocity)  is  proportional 
to  the  strength  of  the  magnetic  force  is  also  evidence  that  elec- 
trons have  mass.  One  of  Newton's  laws  is  to  the  effect  that  a 
moving  mass  continues  in  a  straight  line  unless  acted  upon  by  a 
transverse  force.  Conversely,  if  a  force  is  required  to  deflect 
a  moving  electron,  we  are  warranted  in  assuming  that  the  latter 
has  mass.  By  methods  that  we  cannot  explain  here  it  has  been 
shown  that  tlte  mass  of  an  electron  is  about  one  eighteen-hundredth 
that  of  an  atoni  of  hydrogen. 

480.  The  Beta  Rays  of  Radium. — The  spectacular  properties 
of  radium  have  been  brought  to  the  attention  of  nearly  everyone, 
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whether  he  is  a  student  of  chemistry  or  not.  Radiora  gives  out 
ihree  kinds  of  rays,  the  alpha,  beta,  and  gamma  rays.  Of  these 
thf  beta  rays  very  closely  resemble  the  cathode  rays.  Lilte 
nalhode  raj-s  tliey  are  deflected  by  a  magnetic  field  in  a  direc- 
tioa  which  indicates  that  they  too  are  a  stream  of  electrons 
ihiit  out  with  high  velocity  from  the  radium.  Radium  is,  by 
all  ordinary  tests,  an  element.  It  resembles  barium  as  closely 
u  potassium  resembles  sodium.  Here  then  is  an  element  that 
^tttaneously  gives  off  negative  electricity  in  the  form  of  elec- 
trons shot  out  with  great  velocity. 

The  alpha  rays  have  been  proved  to  be  atoms  of  the  element 
beliunif  He  (atomic  weight  =  4),  each  of  which  carries  a  double 
positive  charge.  These  rays  are  also  shot  out  with  high  velocity. 
The  gamma  rays  are  identical  with  X-rays. 

481,  The  Disintegration  Hypothesis. — The  extraordinary 
behavior  of  radium  has  been  satisfactorily  explained  by  the 
<lisintegratioQ  hypothesis  of  Rutherford  and  Soddy.  These 
y^ientists  assumed  that  a  radium  atom  is  not  a  homogeneous 
^jlid  particle  but  a  very  complex  structure  made  up  of  electrons 
tfvolving  rapidly  in  more  or  less  circular  orbits  about  a  nucleus 
uf  positive  electricity  in  the  manner  already  described.  It  is 
iuriher  assumed  that  an  atom  of  radium  may  become  unstable 
"id  tkrcm  o^  a  single  electron  (beta  ray)  or  a  larger  mass  {an  atom 
"jklium,  which  is  an  alpha  ray),  leaving  behind  an  atomic  residue 
"{ imaller  mass  atid  therefore  smaller  atomic  weight.  This  hy- 
pothesis is  in  complete  accord  with  all  known  facts  concerning 
ridium  and  radioactive  phenomena. 

482.  The  Electrical  Nature  of  Matter. — The  study  of  radio- 
ttive  substances,  of  which,  in  addition  to  radium,  about  thirty 
"i  known,  has  led  to  the  conclusion  that  the  atoms  of  all  ele- 
"iinli,  whether  radioactive  or  not,  are  constructed  on  about  the 
"line  plan  as  that  of  radium.  According  to  this  hypothesis  the 
"■m  of  one  element  differs  from  that  of  anotlier  only  in  lite  number 
•M  arrangement  of  the  electrons  composing  it.  The  mass  of  an 
^lom  is.,  at  least  in  part,  accounted  for  by  the  mass  of  the  elec- 
'funs  composing  it.     All  matter  is  considered  to  be  of  electrical 
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483.  The  Nature  of  an  Ion. — ^A  single  sodium  ion  is  an  atom 
of  sodium  having  a  single  positive  charge  of  electricity  equal  in 
quantity  but  opposite  in  sign  to  that  of  an  electron.  The 
simplest  explanation  of  the  difference  between  an  ion  and  an 
atom  of  sodium  is  foimd  in  the  assimiption  that  the  ion  is  an 
atom  which  has  lost  one  electron.*  The  atom  was  originally  elec- 
trically neutral,  because  the  positive  charge  of  its  nucleus  was 
just  equal  to  the  sum  of  the  negative  charges  of  its  surroxmding 
electrons.  If  one  electron  is  lost,  the  atom  will  have  an  excess 
positive  charge  just  equal  in  magnitude  to  that  of  one  electron. 
Since  metallic  atoms  all  form  positive  ions  we  conclude  that  all 
such  atoms  are  able  to  lose  electrons.  Moreover,  an  atom  of 
a  univalent  metal  can  lose  but  one  electron  and  its  ion  will  have 
a  single  unit  charge,  thus, 

Na(atom)->Na++one  electron. 

A  bivalent  atom  can  lose  two  electrons, 

Ca(atom)->Ca+++two  electrons. 

A  trivalent  atom,  such  as  that  of  aluminum,  can  lose  three  elec- 
trons, etc. 

Later  work  has  shown  that  the  ions  are  imdoubtedly  hydrated 
to  some  extent.    The  actual  formula  of  sodium  ion  might  be 

represented  thus: 

Na(HaO),+. 

The  subscript  x  represents  a  small  integer,  probably  2  or  3.  In- 
practice  we  do  not  include  the  water  in  the  formula,  since  in- 
the  first  place  the  exact  data  necessary  are  wanting,  and  in  the: 
second  place  the  relationships  in  our  reactions  seem  to  be  satis- 
factorily represented  without  it. 

^^  484.  Valence. — The  idea  just  presented  leads  to  a  simples 
explanation  of  valence  (147,  183).  The  metals  which  ioram 
only  positive  ions  do  so  by  the  loss  of  one  or  more  electrons  f  ronm 
each  atom.  The  valence  of  an  atom  of  a  metallic  element  is 
determined  by  the  number  of  electrons  it  has  lost. 


lUeclrochem  islrv 


3°7 


A  negative  ion,  such  as  CI  ,  is  an  atom  which  has  taken  up 
an  otUa  electron.  Atoms  of  metals  do  not  take  up  extra  elec- 
trons. Only  the  atoms  of  non-metallic  elements  behave  in  this 
way,  Tke  valence  of  a  negative  ion  consisting  of  one  atom  corre- 
sponds to  the  number  of  electrons  the  atom  his  acquired. 

485.  Theory  of  the  Union  of  Sodium  and  Chlorine. — It  is 
well  known  that  sodium  and  chlorine  unite  very  energetically 
lo  form  NaCl.  The  simplest  explanation  of  the  cause  of  union 
is  found  in  the  assumption  that  an  atom  of  sodium  has  a  great 
lanieocy  to  lose  an  electron,  and  that  an  atom  of  chlorine  has  a 
great  tendency  to  take  up  an  extra  electron.  The  violent  reac- 
tiun  that  we  observe  when  we  bring  these  two  elements  together 
is  only  the  outward  manifestation  of  the  passage  of  electrons 
from  the  atoms  of  sodium  into  the  atoms  of  chlorine.  The 
rtiidue  of  the  sodium  atom  now  has  an  excess  of  positive  elec- 
iridty,  while  the  chlorine  atom  with  its  extra  electron  is  charged 
Bfgiitiwly.  Since  unlike  electric  charges  attract  each  other, 
*c  may  well  assume  that  the  two  parts  of  the  NaCl  molecule 
are  held  together  by  electrical  attraction. 
I  486.  The  Cause  of  Ionization. — If  two  insulated  bodies  are 
^npoHtely  charged.  Fig.  3i,  the  force  with  which  they  attract 

«di  other  is  proportional  to  the  product  of  their  charges  and 
fiversely  proportional  to  the  square  of  the  distance  between 
"'tm,  There  is,  however,  one  additional  factor  that  determines 
^  strength  of  the  attraction,  and  that  is  the  nature  of  the 
surrounding  medium.    Usually  this  is  air.     If  the  medium  were 
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glass  instead  of  air  the  attraction  would  be  only  about  one-thin 
as  great,  other  things  remaining  the  same;  but  if  the  mediuu 
were  water  the  attraction  would  be  only  one-eightieth  as  grea 
as  for  air.  If  then  we  dissolve  NaCl  in  water,  the  molecules  an 
surrounded  by  a  mediiun  which  lessens  enormously  the  attract 
ive  force  which  holds  their  parts  together;  as  the  result,  mole 
cules  will  tend  to  fall  apart,  thus, 

NaCl->Na+-hCl-. 

The  positive  part  is  the  sodium  ion,  the  negative  part  the  chlorin 
ion.  According  to  this  explanation  the  molecule  of  salt  befoi 
it  ionizes  is  made  up  of  two  oppositely  charged  parts.  The* 
are  not  ordinary  atoms,  since  the  one  has  lost  an  electron  whic 
the  other  has  gained.  We  ought  to  say  that  the  NaCl  mol 
cule  is  made  up  of  a  sodium  ion  (Na"^)  electrically  bound  to  a 
ion  of  chlorine  (CI").  The  act  of  ionization ^  which  takes  pku 
when  the  salt  is  dissolved  j  is  only  the  falling  apart  of  the  ions  alreac 
present,  on  account  of  the  great  decrease  in  attractive  force  causi 
by  the  surrounding  water.  In  other  words,  molecules  are  con 
posed  of  bound  ions,  while  in  solution  part  of  the  ions  are  fre 
The  ionization  of  all  acids,  bases,  and  salts  is  explained  in  pn 
cisely  analogous  fashion  to  that  in  the  case  of  NaCl. 

487.  The  Electronic  Description  of  Electrolysis. — ^Accordii 
to  the  electronic  description  of  electrolysis,  when  an  ion  reach< 
an  electrode  it  either  gains  electrons  or  loses  them.  Thus  tl 
positive  ions  Cu"^"^,  Pb"*""*",  H"^,  etc.,  each  gain  enough  electroi 
to  make  them  electrically  neutral;  while  Cl~,  I",  S  ,  an 
O       each  lose  electrons  and  become  free  elements. 

488.  The  Displacement  of  Non-metals  by  One  Another. — ] 
will  be  recalled  that  chlorine  acts  on  a  solution  of  hydrobrom' 
acid  or  any  bromide,  setting  free  bromine,  thus: 

Cla+2HBr->Br,-[-2HC].  (25- 

Similarly  bromine  acts  on  iodides,  as,  for  example: 

Bra+2KI->Ia+2KBr. 
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Iodine  acts  on  H,S,  in  solution,  setting  free  sulfur: 

I,+H,S-*S+2HL  (339) 

le  order  in  which  the  four  above-mentioned  elements  displace 
another  is  therefore  as  follows: 


CI,  Br,  I,  S. 

will  set  free  from  its  compounds  any  one  following  it.  We 
ly  also  include  fluorine  and  oxygen  in  the  series,  and,  since 
orine  will  displace  any  of  the  other  elements  mentioned,  it  will 
id  the  series.  The  position  of  oxygen  is  determined  by  the 
t  that  a  H,S  solution  reacts  with  atmospheric  oxygen  to  form 
E  sulfur  and  water, 


0,+3HjS^2S-|-aH,0, 


(339) 


that  a  solution  of  HI  also  reacts  with  oxygen  of  the  air 
'ly)  to  form  water  and  free  iodine, 


0,+4HIi-2l,-|-2H.O. 


(i6s) 


the  other  hand,  HBr  solution  is  scarcely  affected  by  oxygen 
,  and  HCl  solution  not  at  all.    Oxygen  will  therefore  precede 

•dine  and  sulfur  and  follow  bromine  in  the  list.    The  whole 

vplacemeot  series  is  then  as  follows; 

F,  CI,  Br,  O,  I,  S. 

489.  Electronic  Interpretation  of  Displacement. — If  the  re- 

Ction 

Cl,-|-2HBri^Br,-|-2HCl 

its  place  in  very  dilute  solution,  the  two  acids  are  nearly  com- 
ttdy  ionized,  and  we  may  leave  the  H"*"  ion  out  of  considera- 
wi.    The  reaction  in  its  simplest  aspect  is  as  follows: 

CI,+aBr-^Br,+2Cl-. 

lis  means  that  each  Br~  ion  loses  an  electron,  which,  passing 
*  a  chlorine  atom,  changes  the  latter  into  a  Cl~  ion.  Wc 
idude  that  chlorine  atoms  take  up  electrons  more  readily  than 
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do  atoms  of  bromine.  Considering  next  the  six  elements  of  the 
displacement  series,  we  may  say  that  fluorine  has  the  greatest 
tendency  to  take  up  electrons,  and  sulfur  the  least,  and  that  the 
tendencies  of  the  other  elements  come  in  the  order  indicated  in 
the  list  as  given.  Sununarizing,  we  may  say  that  of  two  elements 
of  the  above-mentioned  series  the  one  whose  atoms  have  the  greater 
tendency  to  take  up  electrons  will  set  the  other  free  from  its  compounds 
with  positive  ions, 

490.  The  Displacement  of  Metals  by  One  Another. — Strips 

of  metallic  zinc  placed  in  solutions  of  salts  of  lead,  copper, 

mercury,  and  silver  will  react  as  indicated  by  the  following 

equations: 

Zn+Pb(N03)^Pb+Zn(N03)a, 

Zn+ CuS04^Cu+ZnS04, 

Zn+HgCla->Hg+ZnCla, 
Zn+  2  AgN03->2  Ag+Zn(N03)a. 

In  other  words,  zinc  displaces  each  of  the  above-mentioned  metals 
from  its  salts. 

If  strips  of  metallic  lead  are  placed  in  solutions  of  salts  of 
zinc,  copper,  mercury,  and  silver,  no  reaction  takes  place  with 
the  zinc  salt;  but  the  other  three  metals  are  set  free,  while  the 
lead  atoms  pass  into  solution  as  positive  ions.  In  similar 
fashion  metallic  copper  sets  free  mercury  and  silver  from  their 
salt  solutions,  but  it  does  not  affect  solutions  of  zinc  or  lead  salts. 
Mercury  displaces  silver  from  its  salts  but  has  no  action  on  salts 
of  zinc,  lead,  or  copper.  Metallic  silver  will  not  displace  from 
their  salts  any  of  the  other  metals  just  considered.  The  order 
of  displacement  of  the  five  metals  is  therefore  as  follows: 

Zn,  Pb,  Cu,  Hg,  Ag. 

491.  Electronic  Interpretation  of  Metallic  Displacement. — 

The  action  of  zinc  on  solutions  of  copper  saltjs  may  be  represented- 
in  simplified  form  thus: 

Zn+Cu++->Cu+Zn++. 

This  means  that  an  atom  of  zinc  gives  up  two  electrons  to  aft 
atom  of  copper.    Since  zinc  displaces  copper  equally  well  from. 
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^lutions  of  ail  its  simple  soluble  salts,  we  conclude  that  an 
itora  of  zinc  has  a  greater  tendency  to  lose  electrons  than  has 
II  atom  of  copper,  but,  since  metallic  copper  displaces  silver 

tern  any  of  its  salts,  thus, 

Cu+2Ag+^2Ag+Cu+-'-, 

e  conclude  that  an  atom  of  copper  has  a  greater  tendency  to 
le  electrons  than  has  an  atom  of  silver. 
The  order  of  the  metals  in  llie  displacement  scries 
Zn,  Pb,  Cu,  Hg,  Ag 

ttlhcrejore  the  order  in  which  they  Jail  according  to  tlte  decreasing 
taie  with  which  their  atoms  lend  to  lose  electrons.  In  the  case  of 
any  two  metals  of  the  preceding  list  the  one  whose  atoms  have 
the  greater  tendency  to  lose  electrons  will  set  the  other  free  from 
Is  compounds  with  negative  ions. 

49).  A  More  Complete  Displacement  Series  of  Metals. — 

Host  of  the  familiar  metals  may  be  included  in  a  single  displace- 

snt  series,  which  shows  at  the  same  time  the  tendencies 

I  the  atoms  of  the  metals  to  lose  electrons  and   so  change 

0  positive  ions.     The  list  is  given  in  Table  XIX.     In  this 


T.\BLE  XIX 

Displacement 

Series  o?  ntE  Mkials 

PoUasium 

Nickel 

Sodhim 

Tin 

Bariiun 

Lod 

Caldum 

Hydrocon 

UacDc&iuin 

Copper 

Aluminuin 

Mercury 

Zinc 

saver 

Iron 

Pbtinum 

Cobalt 

6m 

t  (ia  which  the  second  column  follow*  the  iiitX)  e-ich  metal 
U  to  displace,  or  set  free  from  Hi  coitibinalion  vitk  negative  tons, 

'y  dment  ickick  foUem  it. 

Bydxogen  has  been  placed  in  the  list  between  lead  and  copfier. 
iabove  bydrogen  in  the  teria  will  react  with  a  aomtal 
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solution  of  hydrochloric  acid  to  set  free  hydrogen  (at  atmospheric 
pressure)  and  pass  into  solution  as  chloride.  The  metals  follow- 
ing hydrogen  in  the  list  do  not  react  readily,  if  at  all,  with  hydro- 
chloric acid.  The  first  four  elements  of  the  series  react  with 
water  to  set  free  hydrogen.  Therefore  metallic  potassium 
placed  in  a  solution  of  NaCl  does  not  set  free  metallic  sodium 
but  causes  the  evolution  of  hydrogen.  The  order  shown  for 
the  first  four  elements  of  the  table  is  in  fact  that  of  their  tend- 
encies to  lose  electrons  as  determined  by  means  other  than 
direct  displacement. 
T  493.  The  Production  of  an  Electric  Current. — la  the  reac- 
tion between  zinc  and  copper  sulfate  the  essential  change,  as  we 
have  seen,  is  that  represented  by  the  equation  ^M 

Zn-fCu++-*Zn++-|-Cu.  ™ 


We  have  said  that  this  change  is  the  result  of  the  passage  of 
two  electrons  from  each  atom  of  zinc  into  an  atom  of  copper. 
Now  if  this  is  true  we  ought  to  be  able  to  get  an  available  elec- 
tric current  from  the  reaction;  but  if  a  piece  of 
zinc  is  dipped  into  a  solution  of  a  copper  salt, 
Fig.  82,  no  evidence  of  the  production  of  such 
a  current  is  to  be  observed,-   How  indeed  could 
we  expect  to  detect  the  production  of  an  electric 
current  under  the  conditions  pictured  in  Fig.  82? 
If  a  passage  of  electrons  occurred,  it  would  be 
between  the  zinc  rod  and  the  layer  of  copper 
Fig.  81  '°"^  "^  the  solution  surrounding  the  rod,  and  we 

could  not  readily  detect  such  a  current,  much 
less  make  any  use  of  it.  If  we  wish  to  make  this  supposed 
current  available  for  detection  and  use,  we  must  so  arrange  the 
reacting  substances  that  the  Cu  *■■*■  ions  are  not  directly  in  con- 
tact with  the  zinc  rod,  and  then  provide  a  wire  for  the  transfer 
of  electrons  from  the  zinc  rod  to  the  copper  ions.  This  can  be 
done  by  arranging  the  four  substances  of  the  reaction 

Zn-(-CuSO,-»ZnSO,+  Ci 
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b  the  manner  shown  in  Fig.  83.    Here  we  have  a  zinc  rod  dipping 

;o  a  solution  of  ZnSO^  in  one  beaker,  and  a  copper  rod  dipping 

bto  a  solution  of  CuSOj  in  the  other  beaker.    A  glass  tube 

Bled  with  ZnSO,  solution  and  loosely  stoppered  with  cotton 
Uugs  forms  a  so-caUed  salt  bridge  between  the  two  beakers.     If 


i  two  rods  are  connected  by  wires  to  a  galvanometer,  a 
at  is  found  to  flow  in  a  direction  indicating  the  passage  of 
electrons  from  the  zinc  rod  through  the  wire  (and  galvanometer) 
to  the  copper  rod.  At  the  same  time  metallic  copper  begins  to 
deposJt  on  the  copper  plate,  and  metallic  zinc  begins  to  pass  into 
IDlution.    In  fact,  the  reaction 

Zn+CuSO^ZnSO,+Cu 

s  to  take  place  just  as  soon  as  the  metallic  circuit  is  closed 
Ktween  the  upper  ends  of  the  zinc  and  copper  rods.  No  action 
pccurs  before  the  circuit  is  closed,  and  all  action  stops  when  the 
aiit  is  broken. 

494.  The  Mechanism  of  Current  ProductioD. — In  detail  the 

ctions  that  occur  with  closed  circuit  are  as  follows:  zinc  atoms 

s  from  the  rod  into  the  solution,  each  atom  of  zinc  leaving 

thind  two  electrons  and  changing  thereby  into  a  Zn'''^  ion. 

le  electrons  thus  liberated  flow  through  the  wire  to  the  copper 

rod  in  the  CuSO^  solution.     Copper  ions  in  contact  with  the 

copper  rod  take  up  two  electrons  each,  being  thereby  changed 

Oto  ordinary  copper  atoms.     These  latter  adhere  to  the  copper 

tod  as  a  metallic  coating.    Fresh  Cu''"'"  ions  move  up  to  the 

Copper  rod  by  diffusion,  so  that,  as  the  ions  in  contact  with  the 

d  lake  on  electrons  and  change  into  copper  atoms,  others  move 

b  by  reason  of  their  kinetic  motion  to  take  their  places.    On 

t  other  hand  Zn++  ions,  newly  formed  at  the  zinc  rod,  diffw 
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out  into  the  solution.  These  changes  tend  to  cause  a  deficiency 
of  SO4  ions  about  the  zinc  rod,  and  an  excess  of  the  same  ions 
about  the  copper  rod.  The  attraction  between  the  excess  oi 
SO4  ions,  on  the  one  hand,  and  the  excess  of  Zn"*""*"  ions,  on 
the  other,  causes  a  migration  of  these  ions  in  opposite  directions 
through  the  solution  and  the  salt  bridge,  and  thus  serves  to 
maintain  in  each  cubic  centimeter  of  the  whole  solution  as  many 
negative  as  positive  ions  and  thereby  to  keep  the  solution,  as  a 
whole,  electrically  neutral. 

495.  The  Function  of  the  Salt  Bridge. — The  necessity  of 
some  sort  of  connection  between  the  solutions  of  ZnS04  ^tnd 
CUSO4  in  the  two  beakers,  Fig.  83,  is  obvious.  If  we  remove 
the  salt  bridge,  which  in  this  case  is  a  ZnS04  solution,  the  circuit 
is  broken,  and  all  action  comes  to  a  stop.  By  the  use  of  the 
bridge  we  are  able,  by  placing  the  CUSO4  in  a  separate  beaker, 
to  keep  it  from  coming  in  contact  with  the  Zn  rod.  The  use  oi 
a  metal  wire  in  place  of  the  salt  bridge  would  apparently  be  a 
simpler  plan,  but  it  would  not  serve,  because  new  products 
would  be  set  free  by  electrolysis  at  each  end  of  the  wire.  We 
could,  however,  use  in  the  bridge,  instead  of  the  ZnS04,  ^  solu- 
tion of  CUSO4  or,  in  fact,  of  NaCl  or  almost  any  other  salt.  In 
case  the  bridge  contains  NaCl,  the  Na"^  ions  serve  in  place  ol 
Zn"*""^  to  carry  the  positive  charge  from  the  ZnS04  solutioB 
to  the  CUSO4  solution,  and  the  CI"  ions  to  carry  the  negative 
charge  in  the  opposite  direction. 

496.  Galvanic  Cells.  Electric  Batteries. — ^A  galvanic  cell, 
or,  as  it  is  more  popularly  known,  an  electric  batterji  is  an> 
kind  of  apparatus  by  means  of  which  an  electric  current  is 
produced  by  chemical  reactions.  Dry  batteries  and  storage  bat- 
teries are,  at  present,  the  most  familiar  types.  The  first  prac- 
tical form  of  the  zinc-copper  cell  just  studied  was  known  as 
the  Daniell  cell;  a  later  modification  is  known  as  the  gravity 
battery.  Properly  speaking,  the  term  battery  means  a  group 
of  cells,  but  this  term  is  frequently  used  at  present  to  mean  a 
single  cell. 

497.  The  Gravity  Battery. — ^A  gravity  cell  is  shown  is 
Fig.  84.    It  consists  of  thin  sheets  of  copper  surrounded  by  a 
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I  copper  sulfate  in  the  lower  half  of  the  glass  jar  and  a 

brary  anc  "crowfoot"  surrounded  by  a  zinc  sulfate  solution  in 

[he  upper  half.     Attached  to  the  copper  sheets  is  an  insulated 

Dpper  wire.     A  new  ceU  is  set  up  by  filling  the  jar  with  water, 

being  the  copper  and  zinc  in  position,  and  adding  more  than 

DUgh  solid  CUSO4  (blue  vitriol  or  bluestone)  to  saturate  the 

Hower  layer.    No  ZnSOj  need  be  added;  instead, 

twenty  or  thirty  g,  of  NaCl  are  sprinkled  into 

ihe  water.     The  solution  is  not  stirred.     The    ~j^;::ir^^ 

CuSO,  gradually  dissolves,  giving  a  saturated 

solulioo  which  soon  fills  the  lower  part  of  the 

ceil.    If  now  the  insulated  wire  leading  from 

the  copper  is  connected  to  the  zinc,  a  current 

flows  through  the  wire,  and  the  changes  already 

Ldescribcd    take   place.     The  NaCl   is   used   to 

^kake    the    water    conduct    the    current   prior 

Hb  the  formation  of  sufficient  ZnSO<  for  this  purpose.     Until. 

^Itcently  the  gravity  battery  was  used  to  operate  all  telegraph 

liaes. 

1498.  Other  Kinds  of  Galvanic  Cells. — It  is  possible  to  make 
cell  that  will  give  a  current  by  the  use  of  any  pair  of  metals 
Ot  acted  upon  by  water),  each  surrounded  by  a  solution  of  one 
its  salts.  In  each  cell  the  experimental  arrangement  may  be 
Ushownin  Fig.  83. 
499.  Electromotive  Force  and  Voltage. — A  body  at  rest  can 
:set  in  motion  only  by  the  action  of  a  force  (Newton's  law). 
•"  a  similar  manner  we  assume  that  the  current  (stream  of 
flectrons)  produced  by  a  battery  is  the  result  of  an  electrical 
lorce  called  the  electromotive  force,  E.M.F.  The  unit  of 
EM.F.  is  the  volt  (named  after  the  pioneer  electrical  experi- 
menter Volta).     The  gravity  cell  has  an  E.M.F.  of  i .  i  volts. 

The  farther  the  two  metals  forming  the  electrodes  of  a  cell 
of  any  kind  are  removed  from  each  other  in  the  displacement 
series  (492)  the  greater  the  E.M.F.  of  the  cell.  The  reason  for 
this  is  found  in  the  fact  that  the  metals  heading  the  list  give 
off  electrons  most  readily  (with  greatest  force).  The  order  in 
tlie  list  represents,  in  fact,  the  relative  force  with  which  the 
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element  loses  electrons.  The  difference  of  such  forces  for  tt 
two  metals  of  a  cell  is,  for  practical  purposes,  the  chief  dete 
mining  factor  of  the  E.M.F.  (voltage)  of  the  cell.  This  differen< 
of  forces  between  the  electrodes  is  also  often  called  the  potentL 
difference  of  the  electrodes. 

There  is  another  important  factor  to  be  considered  besidi 
the  nature  of  the  reactions  at  the  electrodes,  and  that  is  the  coi 
centration  of  the  ions  in  solution.  For  example,  the  more  coi 
centrated  the  copper  ions  at  the  copper  electrode  the  faster  is  tl 
reaction  carried  on  by  these  ions  at  a  given  temperature.  No 
the  difference  of  potential  at  the  terminals  of  a  cell  is  a  measui 
of  the  rate  of  the  reaction  in  progress;  hence  it  will  be  increase 
or  decreased  by  concentration  changes  in  the  solutions.  1 
make  careful  comparison  of  the  electromotive  forces  of  cells  tt 
concentrations  of  the  ions  must  therefore  be  taken  strictly  int 
account.  However,  in  the  series  we  are  considering,  no  moderal 
.variation  of  the  concentrations  of  the  ions  from  those  foimd  i 
the  ordinary  laboratory  reagents  (o.oi  to  6N  approximately 
will  produce  results  different  from  those  described  here,  in  tl 
cases  imder  consideration.  The  effect  of  the  concentration  < 
ions  on  cell  potentials  should  be  considered  in  an  exact  study  < 
the  latter  subject. 

500.  Electrical  Energy. — Electrical  energy  always  depen( 
on  two  factors,  voltage  and  quantity  of  electricity.  The  un 
of  electrical  energy  is  the  joule,  named  after  J.  P.  Joule,  tl 
celebrated  English  scientist,  whose  work  on  the  mechanic 
equivalent  of  heat  was  discussed  earlier  (370).  One  joule  is  I 
amount  of  energy  produced  when  a  quantity  of  one  coulomb  of  ele 
tricity  flows  through  a  conductor,  the  ends  of  which  have  a  Jfotenti 
difference  of  one  volt.  In  general,  joules— voltsXcotdoml 
For  example,  if  a  gravity  cell  of  i .  i  volts  E.M.F.  delivers  ] 
coulombs,  the  electrical  energy  produced  is  1.1X10  =  11  joule 
Since  the  joule  is  an  energy  unit,  its  value  is  expressible  in  oth< 
energy  units.     Careful  experiment  has  shown  that 

I  joule = 10,200  g.cm., 
I  joule =0 .  24  calorie, 
I  calorie =4.18  joules. 
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It  is  electrical  energy  which  a  consumer  pays  for  and  uses. 
The  same  number  of  electrons  go  back  to  the  positive  pole  of  a 
battery  as  leave  the  negative  pole,  but  they  lose  energy  in  so 
joing.  The  energj-  which  the  electrons  give  up  may  be  liberated 
'icat  or  may  be  converted  into  work  by  means  of  devices  like 
the  motor. 

501.  Electronic  Explanation  of  Oxidation-Reduction  Reac- 
Boas,— The  action  of  chlorine  on  ferrous  chloride  in  solution 
(173,  jja)  is  a  simple,  typical  example  of  an  oxidation-reduction 
reaction, 

aFeCI,+C1^2FeCl,. 

This  reaction  in  dilute  solution  may  be  represented  by  the  simpli- 
fied equation 

2Fe+++Clr^2Fe++  +  +  aCl-. 

The  ferrous  ion,  Fe"'"'',  which  is  the  reducing  agent,  is  oxidized 
to  Fe*"*""*^  by  the  chlorine  atom,  which  is  the  oxidizing  agent. 
This  is  explained  by  assuming  that  the  Fe''"''"  ion  (which  is  an 
iron  atom  that  has  already  lost  two  electrons')  gives  up  a  third 
dfctron,  which,  passing  into  the  C!  atom,  changes  the  latter 
%\o  a  Q~  ion.     Thus  we  see  that  the  oxidation  of  the  Fe"^"^  ion 


Fig.  8s 

its  toss  of  an  electron ;   and  the  reduction  of  the  CI  atom 
WMi'jd  in  its  gain  of  an  etectron. 

S03.  Oxidation-Reduction  Cells. — The  transfer  of  electrons 
hirb  occurs  in  the  reaction  just  studied  can  be  made  to  yield 
n  available  electric  current  quite  as  readily  as  that  which 
^^^  place  in  the  reaction  between  metallic  zinc  and  copper 
wlfate  (493).  We  may  demonstrate  this  fact  by  means  of  the 
lent  shown  in  Fig.  85.    Platinum  electrodes  are  placed 
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in  each  of  two  beakers,  one  of  which  contains  the  FeCU  solution, 
the  other  the  CU  solution  (together  with  some  FeClj  or  NaCl  to 
make  the  solution  conduct).  A  salt  bridge  joins  the  two  solu- 
tions. Wires  from  the  electrodes  are  connected  with  a  galvano- 
nometer,  which  shows  the  passage  of  a  current  in  a  direction 
indicating  a  flow  of  electrons  in  the  wire  from  the  electrode  in  the 
FeCla  solution  to  that  in  the  Cla  solution.  The  platinum  elec- 
trodes serve  as  carriers  of  electrons  into  and  out  of  the  solutions. 
Platinum  is  superior  to  any  other  metal  except  gold  for  this 
purpose,  because  of  its  very  slight  tendency  to  pass  into  solution 
as  ions. 

503.  Further  Examples  of  Oxidation-Reduction  Reactions. — 
Oxidation-reduction  reactions  are  very  common.  They  may 
all  be  interpreted  in  terms  of  electron  transfers,  as  the  following 
additional  examples  will  illustrate.  Ferric  sulfate  is  reduced  by 
zinc  according  to  the  equation 

Fe,(S04)3+Zn->2FeS04-|-ZnS04.  (335) 

The  simplified  ionic  equation  is 

2Fe+++-|-Zn->2Fe++-|-Zn++. 

Each  atom  of  zinc  loses  two  electrons  and  changes  into  a  Zn"*""*" 
ion;  these  two  electrons  are  taken  up,  one  by  each  Fe"*" "•""•"  ion, 
which  is  thereby  changed  to  a  Fe"*""*"  ion.  The  zinc,  which  loses 
electrons,  is  the  reducing  agent  and  is  oxidized  by  ferric  ions, 
which  gain  electrons  and  are  thereby  reduced  to  ferrous  ions. 

The  action  of  ferric  salts  and  soluble  iodides  is  illustrated  b}"" 
the  following  reaction: 

2FeCl3-|-  2KI->2FeCl,+ 2KCI-I-I,, 

or  in  simplified  form  by 

2Fe+++-|-2l-->2Fe++-f-Ia. 

A  closely  analogous  reaction  takes  place  in  the  reduction  of 
ferric  salts  by  hydrogen  sulfide: 

2FeCl,+H.S->2FeCla+2HCl+S- 
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The  sintplified  equation  is 

2Fe++++S--^2Fe+++S. 

The  electronic  explanation  of  each  of  the  foregoing  reactions  can 
easily  be  made  by  the  student. 

Other  more  intricate  oxidation- reduction  reactions,  which 
will  require  a  somewhat  more  extended  discussion,  will  be  taken 
1^  in  subsequent  chapters. 

In  all  oxidation-reduction  reactions  transfers  of  electrons 

occur;  and  in  all  cases  the  atom  or  ion  which  is  oxidized  loses 

one  or  more  electrons,  and  the  atom  or  ion  which  is  reduced  gains 

e  or  more  electrons.    //  an  ion  does  not  citange  its  charge  or 

composition  in  the  course  of  a  reaction  it  is  neither  oxidized  nor 


504.  The  Oxidation  and  Reduction  of  Metals.— When  a 

Eetal  passes  into  solution  its  atoms  take  on  positive  charges. 
This  means  that  each  atom  of  a  metal  loses  one  or  more  elec- 
'tons  when  it  changes  into  an  ion.  Since  we  have  defined 
•aidation  as  the  loss  of  electrons  (soi)  we  can  therefore  say 
Ihat  when  a  metal  changes  into  its  ions  It  is  oxidized.  For 
oaraple,  in  the  reaction 

Fe-H  CuS0,-^FeS04-f  Cu,  

which  we  may  write  in  simplified  form  thus, 

Fe-|-Cu++^Fe++-|-Cu, 

*tsay  that  the  metallic  iron  is  oxidized  to  ferrous  ions,  and  the 
topper  ions  are  reduced  to  metallic  copper.  We  have  already 
"wi  that  the  further  oxidation  of  Fe"*"^  to  Fe'''''"'"  involves  a 
ess  of  one  additional  electron. 
SOS-  The  Oxidation  and  Reduction  of  Non-metals. — When 
OQ-metal  (chlorine  for  example)  passes  into  solution,  its  atoms 
'"con  electrons.  We  say,  therefore,  that  in  such  a  case  the 
"EDicBt  is  reduced.  Conversely  we  say  that  its  ions  are  oxidized 
then  by  loss  of  electrons  they  are  changed  to  atoms  of  the 


320 


Introduction  to  General  Chemistry 


506.  Ozidation-Reduction  Potentials. — ^Every  oxidation- 
reduction  reaction  can  by  suitable  arrangement  be  made  to 
yield  an  electric  current.  The  E.M.F.  (voltage)  of  an  oxidation- 
reduction  ceU  is  the  measure  of  the  force  with  which  the  reaction  tends 
to  take  place.  The  stronger  the  oxidizing  tendency  of  the  oxidiz- 
ing agent  and  the  stronger  the  reducing  tendency  of  the  reducing 
reagent  the  greater  the  E.M.F.  of  the  cell.  A  systematic  study 
of  such  cells  has  shown  that  all  oxidizing  and  reducing  agents  may 
be  arranged  in  a  series  in  the  order  of  their  decreasing  oxidizing 
tendencies  and  increasing  reducing  tendencies. 

507.  Oxidation  and  Reduction  by  Means  of  the  Electric 
Current. — ^We  have  shown  that  oxidation  and  reduction  are 
capable  of  producing  electric  currents.  There  now  remains 
to  show  that  an  electric  current  can  accomplish  oxidation  and 
reduction.    Two  beakers,  Fig.  86,  are  fitted  with  platinum 
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electrodes  and  joined  with  a  salt  bridge,  and  in  one  is  placed  a 
solution  of  FeClj,  and  in  the  other  HCI.  Upon  passing  a  current 
from  a  battery  of  two  dry  cells  so  connected  that  the  electrode 
in  the  FeClj  will  be  the  cathode,  it  will  be  found  that  the  FeClj 
is  reduced  to  FeCla,  while  at  the  same  time  HCI  is  oxidized  to 
free  chlorine  at  the  anode.  The  explanation  is  as  follows:  The 
battery  sends  a  steady  stream  of  electrons  through  the  wire  to 
the  cathode;  one  electron  passes  from  the  latter  into  each 
Fe"*""*""*"  ion  coming  in  contact  with  it,  changing  the  Fe"*"*"^ 
into  Fe"^"^.  At  the  anode  CI"  ions  coming  in  contact  with 
this  electrode  give  up  to  it  their  electrons  and  change  thereby 
into  ordinary  CI  atoms.  The  latter  then  unite  in  pairs  to  form 
molecules,  aggregates  of  which  soon  form  bubbles  that  escape 
into  the  air.  In  the  solution  Fe"^^"^  ions  are  attracted  by  and 
migrate  toward  the  cathode,  while  Cl~  ions  are  attracted  by  and 
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migrate  toward  the  anode.  Thus  the  transfer  of  electricity  from 
M  electrode  to  the  other  in  the  solution  is  accomplished  by  means 
^ike  moving  ions,  while  in  the  -wire  we  hav&  a  stream  of  electrons 
n  motion  by  the  battery.  A  great  variety  of  other  oxidations 
Ud  reductions  in  solution  can  be  accomplished  by  means  of  the 
electric  current.  In  fact,  since  we  may  consider  the  change  of 
•inelal  into  its  ions  as  an  oxidation  of  the  former,  and  the  reverse 
diuige  a  reduction  of  the  ions,  we  may  go  farther  and  say  that 
Sll  processes  of  electrolysis  result  in  oxidation  and  reduction.  The 
f  is  the  seat  of  oxidation,  since  it  takes  up  electrons;  the 
vihode  is  the  seat  of  reduction,  because  it  furnishes  electrons. 
Kiese  statements  apply  to  ail  electrolyses  irrespective  of  whether 
fie  substances  formed  or  liberated  at  the  electrodes  are  elements 
r  compounds. 

So8.  The  Conversion  of  Chemical  Energy  into  Electrical 
Inergy. — The  production  of  heat  by  a  chemical  reaction  has 
Ilten  explained  (373)  as  being  due  to  the  conversion  of  chemical 
Kiergy  of  the  reacting  substances  into  heat  energy.  If  metallic 
ic  is  placed  in  a  solution  of  copper  sulfate  so  that  the  reaction 

Zn+ CuS04-*ZnS0,+ Cu 

s  place  without  the  production  of  an  available  electric 
Wrrent,  the  quantity  of  heat  liberated  is  50,100  calories  for  one 
qmbol  weight  of  zinc.  If  the  same  amount  of  zinc  reacts  with 
Wpper  sulfate  in  a  gravity  cell,  2X96,500  coulombs  of  elec- 
Iridly  are  delivered  into  the  circuit  at  an  E.M.F.  of  : .  09  volts. 
Jlie  electrical  energy  produced  is  2X96,500X109  =  210,400 
joules.  Since  i  caIorie  =  4.iS  joules,  210,400  joules  =  2io,40o 
=  50,300  calories.  Thus  we  see  that  electrical  energy 
MJuivalent  to  50.300  calories  is  produced  in  a  cell,  instead  of 
So.ioo  calories  of  heat  produced  when  the  same  amounts  of  the 
(ubstances  react  directly,  without  the  production  of  a  current. 
"Hie  small  excess  of  energy  produced  in  a  cell  is  accounted  for  by 
w  fact,  established  by  experiment,  that  this  amount  of  energy 
■  absorbed  as  heat  from  the  surroundings  as  the  cell  operates. 
Slilar  results  are  observed  in  the  energy  production  of  all  0 
lUiinic   cells.     The  electrical  energy  produced   1 
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equal  to  the  chemical  energy  liberated  or  lost,  plus  or  minus  an 
additional  amount  of  energy — plus  if  heat  is  taken  up  from  the 
surroundings  and  minus  if  it  is  given  out  to  the  surroundings.  We 
may  consider  a  galvanic  cell  or  battery  merely  as  a  device  for 
converting  chemical  energy  into  electrical  energy. 

509.  Conversion  of  Electrical  Energy  into  Chemical  Energy. — 
In  all  processes  of  electrolysis  electrical  energy  is  used  up  in  the 
production  of  new  chemical  substances,  and  we  may  conclude 
at  once  that  the  electrical  energy  used  is  changed  to  chemical 
energy. 


CHAPTER  XXI 
NITROGEN  AND  AMMONIA 

510.  IntiodiictioiL. — Many  facts  about  nitrogen  and  two  of 
itsimpOTtant  compounds,  ammonia  and  nitric  acid,  have  already 
been  discufssed.  We  may  recall  that  about  four-fifths  by  volume 
of  air  is  micombined  nitrogen,  which  is  left  in  a  nearly  pure  state 
as  a  cdoriesSy  odorless  gas  when  air  is  freed  from  oxygen  (15). 
Pure  nitrogen  is  obtained  by  passing  ammonia  over  red-hot 
copper  oxide  (84) : 

2NH,+3CuO->3Cu+3H/)+N,. 

The  symbol  weight  of  nitrogen  is  14,  and  since  22 . 4  liters  of  the 
gas  at  o^  and  76  cm.  wei^  28  g.,  the  formula  is  N%  (75).  This 
means  that  a  nKdecule  of  nitrogen  consbts  of  two  atoms  (215). 

Ammonia,  XHj,  is  a  colorless  gas  which  can  be  made  by  the 
onion  erf  nitrogen  and  hydrogen,  by  the  action  of  electric  sparks, 

N,+3Hr^2XH,.  f298) 

It  has  a  very  penetrating  odor  and  dissolves  easily  in  water, 
fonning  at  the  same  time  some  ammonium  hydroxide: 

XH,+H/)->XH/)H.  91,. 

Annnonia  and  ammonium  hydroxide  may  be  completely  elimi- 
nated from  a  section  by  boiling  the  latter. 

Ammonium  hydroxide  is  a  base  which  neutralizes  acids  to 
form  salts,  among  which  we  have  studied  the  chloride  NH^Cl 
'52),  tiie  nitrate  NH^Oj  fic^),  the  sulfate  (XH,  ..SO^  loi  s 
^  the  add  sulfate  NH415O4  (loi). 

Ammuiiium  hydroxide  is  a  verv-  much  weaker  base  than 

^t^dium  hydroride  (409,  4:29V,  the  latter  substance  reacts  with 

^xnmazdnm  salts  to  set  free  XH3.  as  illustrated  by  the  following 

cqoatian: 

Xa,a-}-NaOH^XaCl-hH/)-rNH,.  (426) 

3-3 
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511.  The  Occurrence  of  Nitrogen. — Besides  tiie  occurrence 
of  free  nitrogen  in  air,  this  element  is  also  found  in  nature  as  a 
constituent  of  many  compounds,  among  which  are  the  familiar 
substances  ammonia  and  the  nitrates  of  sodium  and  potassiimi. 
Nitrogen  is  also  an  essential  constituent  of  the  proteins,  which 
constitute  the  bulk  of  all  kinds  of  flesh.  Proteins  are  also  present 
in  plants,  particularly  in  their  seeds.  Cereals  are  especially 
rich  in  nitrogenous  matter.  In  the  course  of  the  decay  of  animal 
and  vegetable  matter  the  nitrogen  is  changed  first  into  NH3  and 
finally  into  nitrates. 

512.  The  Element  Nitrogen. — Nitrogen  was  discovered  by 
Rutherford,  professor  of  chemistry  in  Edinburgh,  in  1772. 
Lavoisier,  who  was  the  first  to  recognize  it  as  an  element,  called 
it  azote.  Its  English  name,  nitrogen,  suggested  by  Cbaptal, 
indicates  that  the  element  can  be  made  from  saltpeter,  KINO  3, 
for  which  the  Greek  name  was  nitron. 

513.  The  Preparation  of  Nitrogen. — So-called  atmospheric 
nitrogen,  obtained  by  removing  oxygen,  carbon  dioxide,  and 
water  from  air,  is  not  pure  and  cannot  easily  be  freed  from  its 
residual  impurities,  amounting  to  about  i  per  cent,  which  con- 
sist of  chemically  inactive  gases,  chiefly  argon.  Atmospheric 
nitrogen  is  prepared  on  a  technical  scale  by  the  Linde  process, 
in  which  air  is  first  liquefied  and  the  more  volatile  nitrogen 
distilled  from  the  less  volatile  liquid  oxygen.  Pure  nitrogen 
can  be  made  not  only  from  NH3  and  CuO  but  also  in  several 
other  ways.  One  of  the  best  of  these  is  the  following:  20 g. 
of  NH4CI  and  25  g.  of  soditmi  nitrite,  a  salt  having  the  formula 
NaNOa,  and  50  c.c.  of  water  are  placed  in  a  flask  (Fig.  87)  and 
heated  gently,  whereupon  the  following  reaction  occurs: 

NH4Cl+NaN0a->NaCl+Na+  2H.O. 

This  reaction  takes  place  in  two  stages,  of  which  the  first  is 

NH4Cl+NaNOa->NaCl-hNH4NOa. 

The  salt  NH4NO2,  ammonitmi  nitrite,  is  unstable  and  decomposes 
at  once  into  N,  and  H^O)  thus: 

NH4NO.->N,-h2H,0. 


Nitrogen  and  Am 

514.  The  Properties  of  Nitrogen. — Xitrogen  is  a  colorless, 
odorless  gas,  as  might  be  inferred  from  the  fact  that  four-fifths 
by  bulk  of  the  air  is  free  nitrogen.  The  gas  does  not  support 
combustion,  nor  does  it  bum  in  the  ordinary  sense  of  the  term. 
However,  nitrogen  unites  with  oxygen,  under  certain  conditions, 
to  form  the  oxides  NO  and  NO,.  These  very  important  reactions 
will  be  considered  in  detail  in  chapter  xxii,  as  by  their  means 
nitric  acid  can  be  made  from  the  nitrogen  of  the  air. 

Nitrogen  unites  di- 
rectly with  several  ele- 
ments, mostly  metals, 
and  especially  at  high 
temperatures,  to  form 
aitrideS)  among  which 
calcium  nitride,  CajN^; 
magnesium  nitride, 
MgjN,;  and  aluminum 
nifaride,  AIN,  may  be 
mentioned.    Nitrides  usually  react  readily  with  water  to  form 


Fig.  87 


ammonia  and  the  hydroxide  of  the  metal 

^A1N+3H,0^A1(0H)3-|-NH; 
I 


A  reaction  of  great  technical  importance  takes  place  when 
■ogen  gas  is  passed  over  calcium  carbide,  CaCj  (49),  at  a 
ite  heat: 

CaC,-l-N.-*CaCN,+C. 


The  product,  CaCN,,  is  calcium  cyanamid;  it  is  also  called 
nitrolime.  It  is  a  valuable  fertilizer  and  is  also  used  in  the  manu- 
facture of  ammonia  and  cyanides  by  methods  which  will  be 
described  later. 

515.  The  Assimilation  of  Ifitrogen  by  Plants. ^AU  plants 
require  for  their  growth  nitrogen  in  some  form,  in  addition  to 
other  things.  Fertile  soils  contain  considerable  nitrogen  in  the 
ionn  of  comiKiunds,  among  which  are  ammonium  salts,  nitrates, 
and  decaying  vegetable  and  animal  matter.  Such  compounds 
supply  plants  with  their  required  nitrogen,  since  in  general  plants 
can  assimilate  only  combined  and  not  free  nitrogen.     A  few 
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plants,  however,  among  which  are  clover,  alfalfa,  and  other 
legumes,  have  Uie  power  of  utilizing  uncombined  nitrogen  from 
air  which  has  permeated  the  soil.  This  they  do  through  the 
medimn  of  root  nodules,  which  are  bacterial  growths,  whitish 
in  color  and  often  as  large  as  peas.  Free  nitrogen  is  taken  up 
by  the  bacteria  in  the  nodules  and  changed  into  compounds, 
which  then  serve  as  a  source  of  nitrogen  for  the  plant.  A  large 
part  of  the  nitrogen  taken  up  by  plants  is  concentrated  in  their 
seeds  as  complex  compounds  called  proteins.  Wheat,  for 
example,  contains  lo  to  15  per  cent  of  proteins. 

516.  The  Sources  of  Ammonia. — Although  ammonia  occurs 
in  very  minute  amounts  in  the  air,  in  natural  waters,  and  in  the 
soil,  being  formed  by  the  decay  of  animal  and  vegetable  matter, 
such  occurrences  are  not  a  practical  source  of  supply.  In  earlier 
times  ammonia,  then  called  spirits  of  hartshorn,  was  made  by 
heating  bones,  hoofs,  horns,  and  other  animal  matter  with  lime 
(calcium  oxide).  At  present  ammonia  is  produced  in  large 
amount  as  a  by-product  in  the  distillation  of  coal  for  the  pro- 
duction of  fuel  and  illuminating  gas  and  coke.  Coal  usually 
contains  i  or  a  per  cent  of  combined  nitrogen,  and  wheo  heated 
to  a  high  temperature  with  exclusion  of  air,  the  nitrogen  com- 
pounds present  are  decomposed,  with  the  formation  of  ammonia, 
which  passes  off  with  the  gas.  The  ammonia  is  absorbed  in 
dilute  sulfuric  acid,  giving  a  solution  which  upon  evaporation 
yields  crystals  of  ammonium  sulfate;  and  this  salt,  when  heated 
with  lime,  yields  free  ammonia: 

(NH,),SO,-|-Ca(>^CaSO^+H,0+  ^NHj . 

517.  The  Physical  Properties  of  Ammonia. — For  the  sake 
of  ready  reference  we  may  summarize  here  the  more  important 
data  regarding  ammonia.  It  is  a  colorless  gas  of  penetrating 
odor;  one  liter  at  0°  and  76  cm.  weighs  0.772  g.;  and  23.4  liters 
weigh  17  grams.  Upon  being  strongly  compressed  ammonia 
condenses  to  a  colorless  liquid.  Liquid  ammonia  is  an  important 
article  of  commerce;  it  is  marketed  in  steel  cylinders  of  about 
two  hundred  pounds  capacity.  At  20°  the  liquid  has  a  vapor 
pressure  of  8.4  atmospheres.     If  this  pressure  is  released  the 
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liquid  boils;  that  is,  it  changes  into  gaseous  NHj,  and  its  tem- 
["crature  falls  to  —33°  (515).  which  is  its  boiling-point  under  one 
^itmosphere  pressure. 

At  20°  water  dissolves  about  seven  hundred  times  its  volume 
"( NHj  gas,  part  of  it  going  to  form  the  hydroxide  NH^OH, 
which  is  a  weak  or  slightly  ionized  base.  Pure  ammonium 
hydroxide  of  commerce  has  a  specific  gravity  of  0.90  and  con- 
lains  28  per  cent  by  weight  of  NHj. 

518.  The  Uses  of  Ammonia. — Ammonia  is  a  substance  of 
'tindamentai  importance.  It  is  made  and  consumed  in  immense 
quantities,  and  its  uses  are  numerous.  In  the  household  it  is 
added  to  water  used  in  washing.  In  laboratories  and  chemical 
works  it  is  indispensable.  Ammonium  salts,  particularly  the 
sulfate,  are  used  in  enormous  quantities  in  fertilizers.  The 
manufacture  of  nitric  acid  from  ammonia  has  become  since  the 
beginning  of  the  war  a  matter  of  vital  importance;  this  subject 
will  be  taken  up  in  the  next  chapter  (570}.  The  use  of  ammonia 
in  making  ice  may  now  be  considered  in  some  detail,  as  it  is  not 
only  of  commercial  importance  but  also  of  much  scientific 
interest. 

519.  The  Manufacture  of  Artificial  Ice. — It  will  be  recalled 
that  the  change  of  water  into  steam  at  100°  takes  place  with 
itie  absorption  of  540  calories  of  heat  per  gram  (115);  and 
iurlher  thafeverj'  pure  liquid  has  a  latent  heat  of  evaporation." 
The  latent  heat  of  evaporation  of  liquid  ammonia  at  its  boihng- 
P"""''  ~lf,  is  258  calories.  This  means  that  liquid  NHj 
released  from  pressure  passes  into  gas  with  an  absorption  of  258 
^lories  of  heat  per  gram.  This  heat  is  taken  from  the  ammonia 
Wid  the  vessel  containing  it,  and  if  this  vessel  is  immersed  in 
Water  the  latter  is  quickly  frozen.  Since  the  conversion  of  i  g. 
"I  Water  at  0°  into  ice  requires  an  absorption  of  79  calories. 

mpough  heat  is  absorbed  by  the  evaporation  of  1  g.  of  NHj  to 
^P'^  about  3  g.  of  water. 

^^  The  practical  application  of  these  principles  to  the  raanu- 
Rehire  of  artificial  ice  is  illustrated  diagrammatically  by  Fig.  8S. 
B  The  pump,  A,  draws  ammonia  gas  from  the  pipes  immersed 
^B  the  tank,  0,  and  compresses  the  gas  sufhciently  so  that  when 
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the  latter  is  cooled  by  running  water  in  the  condenser,  By 
liquid  ammonia  is  formed,  and  collects  in  receiver,  C.  From 
C  liquid  ammonia  flows  into  the  pipes  that  run  through  the 
tank,  O.  In  the  pipes  the  ammonia  evaporates,  thus  cooling 
the  brine  (freezing-point  —20°)  with  which  O  is  filled.  The 
water  to  be  frozen  is  contained  in  cans  of  200  pounds  or  mor^ 
capacity,  inmiersed  in  the  brine. 


"^^ 


Fig.  88 

520.  The  Synthesis  of  Ammonia.— We  have  already  learned 
that  NH3  can  be  made  from  nitrogen  and  hydrogen  by  passing 
an  electric  spark  through  the  mixed  gases  (298).  The  electric 
spark  is  effective  mainly  as  a  source  of  heat: 

3H,+Na->2NH3. 


This  reaction  reaches  a  state  of  equilibrium  when  but  very  little 
NH3  has  been  formed,  for  the  reason  that  the  reverse  action, 
the  decomposition  of  NH3  into  Ha  and  Na,  takes  place  very 
easily.  At  a  temperature  of  800°  equilibrium  is  reached  when 
only  one  molecule  of  NH3  remains  undecomposed  out  of  every 
10,000  taken.  At  first  thought  it  would  seem  to  be  quite 
hopeless  to  try  to  make  use  of  this  reaction  as  a  means  of  manu- 
facturing NH3  from  Ha  and  Na,  because  of  the  very  minute  pro- 
portion of  these  gases  that  imite  before  the  reaction  reaches 
equilibrium.  In  order  that  a  process  based  on  this  reaction 
shall  be  a  practical  success,  substantially  all  of  the  Ha  and  N, 
taken  must  be  converted  into  NH3.  The  big  problem  then  is 
to  obtain  from  the  Ha  and  Na  taken  the  other  9,999  molecules 
of  NH,.  On  account  of  the  great  technical  importance  of  the 
subject  and  as  a  beautiful  illustration  of  the  way  in  which 
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fundamental  chemical  principles  (laws)  are  used  in  working 
lowani  desired  results,  we  shall  consider  this  problem  in  detail. 
51:.  The  EfEect  of  Temperature  on  the  Equilibrium. — ^We 
have  already  learned  (288)  that  for  any  reaction  the  proportions 
u!  the  substances  present  when  equilibrium  is  reached  are 
dillerent  at  different  temperatures.  With  change  of  tempera- 
ture the  equilibrium  of  any  reaction  is  shifted  in  a  way  that  can 
be  definitely  predicted  from  its  heat  of  reaction.  If  heat  is 
given  out  when  a  substance  is  formed,  heat  will  be  absorbed 
wben  the  same  substance  is  decomposed.  When  we  raise  the 
temperature  of  a  system  in  equihbrium,  the  state  of  equilibrium 
shifts  in  such  a  way  that  heat  is  absorbed  {288,  367).  The  heat 
of  foraiation  (361)  of  NH,  is  12,200  calories: 

3H,-|-N,-*2NHj+2Xi2,200  cal. 

Therefore  the  higher  the  temperature  the  smaller  the  propor- 
tion of  NH,  present  in  the  equilibrium  mixture,  and  vice  versa, 
Mshown  by  the  following  table,  in  which  is  given  the  percentage 
oiNH,  at  various  temperatures  and  one  atmosphere  pressure: 


II  is  evident  that  the  lower  the  temperature  the  more  favorable 
ihe  result;  but  a  serious  practical  difficulty  is  encountered  if 
ne  tries  to  make  NH,  at  low  temperatures;  the  union  of  H, 
Tid  N,  proceeds  the  more  slowly  the  lower  the  temperature,  so 
ni;it  at  400"  it  would  require  days  for  equilibrium  to  be  reached. 
In  this  respect  this  reaction  is  like  all  others;  the  speed  of  reac- 
tion, other  things  being  equal,  is  slower  the  lower  the  tempera- 
ture. The  experimenter  then  faces  this  dilemma:  at  a  high 
temperature  the  reaction  gives  very  little  NH,;  at  a  low  tem- 
perature it  goes  too  slowly.  Is  there  no  way  to  surmount  this 
difficulty?  Is  there  no  way  to  hasten  a  reaction  except  by 
increasing  the  temperature?  Yes,  there  is,  and  this  by  means 
of  a  catalytic  agent  I 
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522.  CataljTtic  Agents  for  the  Ammonia  Reaction. — ^As  illus- 
trations of  cases  of  catalysis  we  may  recall  that  CuCl,  catalyzes 
the  reaction 

4HCl+Oa->2HaO+2Cla;  (239) 

that  MnOa  promotes  the  decomposition  of  KCIO3  (306);  and 
that  platinum  black  causes  Ha  and  O,  to  imite  rapidly  at  room 
temperature  (303).  Therefore  it  will  not  be  surprising  to  leanx 
that  several  catalytic  agents  were  found  which  hasten  the 
ammonia  reaction  enormously;  among  such  were  the  metals 
iron,  manganese,  and  uranium.  By  the  use  of  these  and  prob- 
ably other  substances,  the  nature  of  which  has  not  yet  been, 
disclosed  by  the  discoverers,  the  ammonia  reaction  is  caused  to 
reach  equilibrimn  rapidly  at  400°  to  500°;  but  even  at  400*^ 
only  one-half  of  i  per  cent  of  ammonia  is  formed.  In  the  next 
paragraph  we  shall  see  how  the  equilibrimn  can  by  another  means 
be  shifted  still  farther  in  the  desired  direction. 

TABLE  XX 

Percentages  of  Ammonia  at  Various 
Temperatures  and  Pressures 


Temperature 

Percentage  at 
1  Atmosphere 

Percentage  at 
xoo  Atmospheres 

800** 

O.OI 

0.02 
0.05 

0.13 

1 .1 

700** 

2. 1 

600** 

4.5 
10.8 

500** 

j^^  ••*••••■•■ 

523.  The  Effect  of  Pressure  on  the  Equilibrium. — In  chapter 
xiii  (287)  we  learned  that  "the  effect  of  increase  of  pressure  on 
any  system  in  equilibrium  is  in  all  cases  to  shift  the  equilibrium 
so  as  to  favor  the  formation  of  substances  occupying  a  smaller 
volume.**    In  the  reaction 

three  volumes  of  hydrogen  and  one  volume  of  nitrogen,  if  com- 
pletely united,  will  yield  two  volmnes  of  ammonia  (77),  from 
which  we  conclude  that  an  increase  of  pressure  will  shift  the 
equilibrium  so  as  to  favor  the  formation  of  more  NH,.  Table 
XX  gives  the  results. 
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It  has  been  found  practicable  to  work  at  pressures  of  loo 
atmospheres  (1,400  lb.  per  square  inch)  and  even  higher,  and 
ihus  greatly  to  increase  the  proportion  of  NHj  formed.  It  now 
remains  to  show  how  all  of  the  H,  and  Nj  taken  may  be  converted 
into  XH,. 

524.  The  Effect  of  Removing  One  Product  of  a  Reaction, — 
In  the  discussion  of  the  reaction 


NaCl+H.SO,->NaHSO,+  HC! 


(289) 


» 


it  was  shown  that  if  the  HCl  continuously  escapes  as  a  gas  the 
teaction  will  go  to  completion  from  left  to  right.  In  the  reaction 
between  hydrogen  and  nitrogen  equilibrium  results  from  two 
oppoang  changes,  each  of  which  continues  in  the  equilibrium 
miilure:  these  are  the  union  of  H;  and  Nj  on  the  one  hand  and 
the  dissociation  of  NH,  on  the  other.  If  the  NHj  formed  can 
be  removed  from  the  mixture  in  some  systematic  way,  the  H-j 
ind  N,  will  finally  be  completely  united.  We  shall  now  briefly 
describe  the  process  as  actually  carried  out. 

535.  The  Manufacture  of  Synthetic  Ammonia.— The  nitrogen 
used  in  making  synthetic  ammonia  might  be  obtained  from  the 
air  by  the  Linde  process  (513),  and  the  hydrogen  could  be  made 
iiy  the  electrolysis  of  water,  if  these  methods  were  not  too 
expensive.  A  practical  method  of  obtaining  the  required  mLxture 
"f  N,  and  H,  is  said  to  have  been  worked  out,  in  which  air  and 
5l«m  are  passed  over  heated  coke,  The  carbon  comprising  the 
mkeunites  with  the  oxygen  of  both  the  air  and  the  steam.  The 
CO,  and  CO  formed  are  then  removed,  leaving  N,  and  H^, 

The  apparatus  used  in  the  production  of  NH,  is  represented 
diagrammatically  in  Fig.  89.  The  mixture  of  N,  and  H,  under 
high  pressure,  say  too  atmospheres,  enters  at  A  and  passes  into 
liie  chamber  S,  which  holds  the  catalytic  agent  and  is  surrounded 
^by  an  electric  heater  C.    The  reaction 

3H,+Nr>JNH, 

'*k«  place  to  the  extent  of  perhaps  S  to  10  per  cent  in  B,  and 
"ic  mixture  of  the  three  gases  passes  on  to  the  vessel  D,  sur- 
wunded  by  the  refrigerating  vessel  E.    The  high  pressure  a 
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low  temperature  cause  nearly  all  of  the  NHj  to  condense  in  D 
to  the  liquid  state,  while  the  Hj  and  N„  being  much  less  readily 
liquefied,  pass  out  and  by  means  of  the  pump,  F,  are  conveyed 
by  a  pipe  back  to  the  reaction  vessel,  B.  Liquid  NHj  is  removed 
from  D  through  the  valve  at  the  bottom  of  D. 


526.  Ammonia    from    Cyanamid. — Cyanamid,    CaCN,,    is 
made  by  the  action  of  nitrogen  on  calcium  carbide  at  a  red  heat 

{514): 

CaC,+N,->CaCK+C. 


I 


When  cyanamid  is  treated  with  steam  under  high  pressi 
the  following  reaction  takes  place: 

CaCN,+3H,(»2NH,+CaCO,. 

Cyanamid  has  been  manufactured  at  Niagara  Falls,  Canada,  since 
1909;  and  since  1915  considerable  quantities  of  ammonia  have 
been  made  at  this  place  by  the  reaction  described  above. 
Recently  the  U.S.  government  has  built  an  immense  cyanide 
ammonia  plant  at  Muscle  Shoals,  Alabama.  It  now  appears 
possible  that  this  process  will  be  economically  superior  to 
that  by  which  ammonia  is  made  directly  from  nitrogen  and 
hydrogen. 

527.  The  Chemistry  of  Ammonia. — One  of  the  most  familiar 
reactions  of  ammonia  is  that  by  which  white  fumes  are  fori 


fumes  are  form^L 
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when  ammonia  gas  comes  in  contact  with  a  volatilized  acid. 
The  fumes  are,  of  course,fiiie  particles  of  the  resulting  salt: 

NHj+HCl-5-NH,Cl, 
NH,+ HNOj-*NH^NO,. 

In  water  solution  we  have  the  same  t>-pe  of  reaction  with  acids, 
resulting  in  the  formation  of  ammonium  salts.  A  consideration 
of  the  equilibrium  equations 

NH3+H,0=NH,OH^NH4++OH- 

«'ili  show  that  we  may  represent  the  reaction  of  aqueous  ammonia 
solution  with  acids  as  the  result  of  the  union  of  the  hydrogen 
w  of  the  acid  with  the  hydroxy]  ion  of  the  base  to  form  water, 
and  the  consequent  displacement  of  the  equilibrium  to  the  right; 
or  we  may  represent  the  reaction  as  the  union  of  NHj  with  H"*" 
of  the  acid  to  form  NH^"*^,  and  the  consequent  displacement  of 
the  equilibrium  to  the  left.  The  net  result  of  either  reaction  is 
the  same,  and  very  likely  the  truth  is  that  both  routes  are 
sctually  followed.  The  final  solution  contains  water  and  the 
highly  ionized  anmionium  salt. 

In  these  reactions  of  ammom'a,  either  as  a  gas  or  in  solution, 
the  nitrogen  atom  suddenly  and  very  easily  takes  on  one  posi- 
tive and  one  negative  atom  or  radical.  So  striking  is  the  ease 
with  which  these  reactions  occur  that  we  think  that  the  nitrogen 
alDca  was  ready  to  take  on  the  new  groups  and  so  must  carry 
a  iKwitive'and  a  negative  charge,  balanced  against  each  other,  in 
Jildition  to  the  three  negative  charges  by  which  it  holds  the  three 
hyilrogen  atoms,  thus,  *NHj.  From  what  we  know  of  the 
complicated  structure  of  an  atom  it  seems  plausible  to  assume 
the  existence  of  a  positive  and  a  negative  charge  on  the  same 
atom.  The  reaction  of  aqueous  ammonia  with  an  acid  may  then 
**  represented  as  follows: 

*NH,+H++C1-=;NH,++C1--NH,C1. 

■^  compound  which,  like  ammonia,  contains  an  atom  which  is 
^t  exerting  its  full  VLilonce  is  said  to  be  unsaturated.  There 
f  other  unsaturated  compounds. 
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Though  the  above-mentioned  reactions  are  the  most  char- 
acteristic ones  shown  by  ammonia,  we  have  seen  one  case  of  a. 
different  kind,  namely  the  reducing  action  of  ammonia  on  copper 

oxide  ($2,  84) : 

2NH3+3CuO-»N,+3HaO+3Cu. 

An  even  more  vigorous  oxidation  of  ammonia  occurs  when  a 
mixture  of  ammonia  and  air  is  passed  over  red-hot  platinum. 
Under  the  catalytic  influence  of  platinimi,  nitric  add  is  formed  : 

NH3-I-  20,-»HN03-|-HaO. 

This  reaction  is  the  basis  of  one  of  the  great  processes  for  manu- 
facturing nitric  acid  from  the  ah-  (570). 

When  ammonia  gas  is  passed  over  heated  sodiimi  the  follow- 
ing reaction  takes  place: 

2Na-|-2NH3-»2NaNHa-|-Ha. 

The  products  are  hydrogen  and  sodium  amide.  The  latter  sub- 
stance is  completely  decomposed  by  water,  thus: 

NaNHa-|-HaO-»NaOH-|-NH3. 

Ammonia  reacts  with  other  metals,  such  as  magnesium,  forming 
nitrides  (514),  compounds  which  are  also  hydrolyzed  by  water 
to  form  ammonia  and  the  hydroxide  of  the  metal. 

528.  Ammonium  Salts. — ^Ammoniimi  salts  closely  resemble 
the  corresponding  salts  of  potassimn.  They  are  easily  soluble 
in  water  and  crystallize  well  from  solutions.  None  of  the  salts 
are  colored  excepting  those  with  colored  acid  ions. 

529.  Dissociation  of  Ammonium  Chloride. — ^Anmionium 
chloride  may  be  completely  volatilized  at  temperatures  much 
below  red  heat.  When  the  molecular  weight  of  the  salt  was 
calculated  on  the  basis  of  determinations  of  the  density  of  the 
vapor  formed  at  about  300**,  the  value  f oimd  was  half  a  formula 
weight.  Apparently  a  full  formula  weight  of  ammonium 
chloride,  if  stiU  a  gas,  at  o**  and  76  cm.  pressure  would  occupy 
not  22.4  but  44.8  liters.  To  some  chemists  sixty  to  eighty 
years  ago  it  seemed  impossible  to  co-ordinate  these  facts  with- 
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A\<^adro's  hypothesis,  and   they  accordingly  abandoned  the 


A  simple  experiment  gives  the  clue,  however,  to  the  exptana- 
tiVin  of  the  enigma.  If  a  bit  of  dry  NH,CI  is  placed  in  a  dry  test 
lube  and  cautiously  heated,  a  piece  of  moist  red  litmus  paper 
btid  in  the  mouth  of  the  tube  turns  blue,  thus  indicating  the 
formation  of  free  NHj.  Elaborate  experiments  have  shown 
that  the  vapor  of  NH4CI  dissociates  at  300°  almost  completely 
into  NHj  and  HCl: 

NH.CI=NH,+HC1. 

Since  the  molecules  of  ammonia  are  much  lighter  than  those  of 
iivdrogen  chloride  they  travel  (diffuse)  more  rapidly  at  the  same 
temperature  (197).  Hence,  although  the  two  gases  are  released 
Jl  the  same  instant,  the  ammonia  molecules  are  the  first  to  reach 
the  litmus  paper  in  the  mouth  of  the  test  tube.  Upon  cooling, 
iHe  constituents  unite  again  to  form  solid  NH,CI,  Therefore 
N'H,C1  vapor  has  half  the  density  expected,  for  the  reason  that 
the  number  of  molecules  present  is  practically  double  the 
ufiginal,  because  each  NH4CI  molecule  gives  one  molecule  of 
Mlj  and  one  of  HCl,  Thus  Avogadro's  law  covers  the  case 
perfectly.  Many  other  apparent  exceptions  to  Avogadro's  law 
»re  known,  but  in  every  case  a  satisfactory  explanation  has  been 
found  in  complete  harmony  with  the  law. 

530.  Dissociation  of  Other  Ammonium  Salts. — Several  other 
unmonium  salts  also  dissociate  into  the  acid  and  ammonia. 
Thus  solid  ammonium  bicarbonate  smells  strongly  of  ammonia, 
at  ordinary  temperatures,  by  reason  of  the  following  dissociation : 

H  NH^HCO,=;NHj+H,0+CO.. 

^Httmonium  sulfide,  formed   by  the  union  of   ammonia  with 
^■ydrogen   sulfide,   dissociates  at   room   temperatures   to   form 
ininonia  and  hydrogen  sulfide: 

(NHJHStiNHj+H.S. 

ionium  hydroxide  itself,  which  may  be  considered  as  the 
luct  of  the  union  of  ammonia  and  the  very  weak  acid  water. 


»li 
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is  stable  in  crystalline  form  only  at  a  very  low  temperature  (91^ 
In  general  we  find  that  the  weaker  the  acid  the  more  imstabl 
is  the  ammoniimi  salt.  It  is  perhaps  well  to  point  out  that  dis 
sociations  of  the  kind  just  considered  are  entirely  distinct  f ror 
the  splitting  up  of  salts,  acids,  and  bases  into  ions  in  solution,  1 
that  the  new  molecules  formed  by  the  dissociation  of  a  gas  c 
vapor  are  not  electrically  charged.  Furthermore  the  dissociatio 
products  are  of  different  composition  in  the  two  cases,  as  i 
illustrated  by  Table  XXI. 

TABLE  XXI 


SubsUmce 


NH4CI... 
NH4HCO3 
NH4HS... 
NH4OH.. 


Electrolytic 
Dissociation 


NH4+  CI- 

NH4+  HCO,- 

NH4+  HS- 

NH4+  OH- 


Gaseous 
Dissociation 


NH,  HCl 

NH,  HaO    ca 

NH,  H,S 

NH3  HaO 


531.  Other  Compounds  of  Nitrogen  and  Hydrogen. — Nitro- 
gen and  hydrogen  form  several  other  compoimds  besides  NHj; 
among  such  hydrazine,  N2H4,  and  its  hydrate,  N2H5OH,  a  basic 
substance,  may  be  mentioned.  Hydrozylamine,  NH2OH,  is 
also  a  base.  Hydrazoic  acid,  HN3,  is  a  violently  explosive 
liquid.  It  is  an  acid  and  forms  salts  like  NaNj,  sodium  azide, 
and  AgNj,  silver  azide;  the  latter  is  extremely  explosive.  The 
ammonium  salt  NH4N3  and  the  hydrazine  salt  NaH5N3  may  be 
considered  as  having  the  formulae  N4H4  and  N5H5  respectively. 

532.  The  Solubility  of  Silver  Chloride  in  Ammonia  Solu- 
tion.— Silver  chloride,  AgCl,  as  we  have  seen  (169),  is  an  almost 
insoluble  white  salt  which  is  easily  obtained  by  adding  any 
chloride  solution  to  a  silver  salt  solution;  for  example, 

NaCl+AgN03->AgCl+NaN0,. 

This  reaction  goes. nearly  to  completion  by  reason  of  the  very 
small  solubility  of  silver .  chloride,  so  that  precipitation  con- 
tinues until  the  concentrations  of  both  Ag+  and  CI""  ions  ar« 
very  small  (452). 
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If  pure  silver  chloride  is  stirred  with  water,  only  very  little 
'iisiolves;  in  fact,  about  1.3  mg.  per  liter.     We  have,  then. 

Solid  Dissolved 

Agci  ^  Agci =:i  Ag+ +a- . 

By  far  the  greater  part  of  the  dissolved  substance  is  present  as 
Ag^  and  Cl~  ions. 

If  a  solution  of  ammonia  is  added  to  the  AgCl  and  water  the 
solid  dissolves  very  easily,  giving  a  clear,  colorless  solution. 
This  solution  is  a  good  electrical  conductor,  while,  as  we  have 
already  learned,  ammonium  hydroxide  conducts  very  poorly. 
These  facts  may  be  demonstrated  by  the  use  of  the  apparatus 
described  in  sec.  384.  If  the  cell  is  first  filled  with  ammonia 
Kilmion,  it  is  found  that  the  current  which  passes  is  very  weak. 
■"^ssoon  as  AgCI  is  dissolved  in  the  ammonia  solution  the  galva- 
nometer needle  is  strongly  deflected.  As  a  matter  of  fact  the 
new  solution  is  as  good  a  conductor  as  solutions  of  equal  con- 
ccnlratiuns  of  most  salts. 

533.  The  Silver  Ammoaium  Ion,  Ag{NHj)i'''.— It  has  long 

lieen  known  that  dry  AgCI  unites  with  dry  NH,  gas  to  form 

solid  compounds.    It  is  possible  that  one  or  more  of  these  is 

presi-nt  in  the  solution  formed  when  AgCI  dissolves  in  a  solution 

ammonia;  but  if  so,  what  are  the  ions,  if  any,  of  the  new  silver 

(pounds?    We  have  already  learned  (397)  that  the  composi- 

of  the  ions  of  a  solution  is  best  investigated  by  means  of 

lion  experiments.     If  we  electrolyze  a  solution  of  AgCI 

lived  in  ammonia,  using  a  U-tube  hke  that  shown  in  Fig.  47 

),  we  find  that  both  Ag+  and  NHj  migrate  toward  th^ 

tailiixie  or  negative  electrode,  while  the  chloride  ion  migrates  in 

the  opposite  direction.    Moreover,  we  find  that  the  Ag+  and 

I     '^'Hi  migrating  toward  the  cathode  are  in  the  proportion  of  one 

^^tcm  of  Ag  to  two  molecules  of  \Hj  as  represented  in  the 

^P&uila  Ag(NH,),,  so  that  it  would  appear  that  this  last  formula 

■''npresents  the  composition  of  the  positive  ion.     We  are  therefore 

*1  lo  conclude  that  the  following  reaction  first  takes  place, 


AgC!+ aNH,  ■-;  Ag(NH,).Cl, 
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and  that  the  compound  so  formed  ionizes  very  readily  thus: 

Ag(NHj),Cl-Ag(NH,).++Cl". 

The  silver  ammomum  ion,  Ag(NHj)i''',  is  called  a  complex  ion.  ^ 

534.  The  Stability  of  the  Ag(NHj)i+  Ion. — It  has  been  proved, 
by  an  electrical  method  which  need  not  be  considered  here,  that 
in  a  solution  of  silver  chloride  in  ammonia  only  an  exceedingly 
small  number  of  Ag"*"  ions  are  present.  This  means  that  the 
complex  ion,  Ag(NHj),"^,  is  very  stable  and  is  dissociated  only 
very  slightly  into  Ag"*"  and  jNHj,  thus:  ^fl 

Ag(NHj).+  =Ag++2NH,.  ^B 

535-  Why  Silver  Chloride  Dissolves  in  Ammonia. — ^We  can 

now  explain  why  AgCl  dissolves  in  ammonia  solution.     Let  us 
consider  the  foUowing  formulation  of  the  reaction: 


Soliii  Dissolved 

AgCl--iAgCl^-Ag++Ci- 
2NH3 

It 
Ag(NH,),+. 


d 


The  larger  part  of  the  silver  chloride  dissolved  by  pure  water  is 
present  as  Ag"*"  and  CI~  ions.  If  NHj  is  added,  the  Ag"*"  ions 
unite  with  it  nearly  completely  to  form  Ag(XHj)j''".  This 
reaction  greatly  reduces  the  concentration  of  Ag"*"  and  therefore 
causes  more  solid  AgCl  to  pass  into  solution.  If  sufficient  NH3 
is  present  these  changes  go  on  until  all  the  solid  AgCl  has  dis- 
solved. In  the  solution  we  have  the  salt  silver  ammonium 
chloride.  _ 

Consideration  of  the  equation  ^M 

Ag++2NHj=Ag(NH,),+  ™ 

shows  that  by  adding  an  excess  of  NH]  the  concentration  of  Ag  *" 
will  be  still  further  decreased.  If  we  wish  to  dissolve  AgCl  com- 
pletely it  is  necessary  to  add  a  little  more  than  two  formula 
weights  of  NHj  for  one  of  AgCl  in  order  to  depress  the  con- 
centration of  Ag"*"  sufficiently.    The  dissolving  of  silver  chloride 
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in  ammonia  is  exactly  similar  to  the  dissolving  of  silver  acetate 
n  nitric  acid,  except  that  in  the  latter  case  the  acetate  ion  was 
Mippressed,  while  in  the  former  the  Ag^  ion  was  suppressed. 

536.  The  Effect  of  Acids  on  Silver  Ammonium  Ion. — If  a 
ilrong  acid,  nitric  acid  for  example,  is  added  to  silver  aramo- 
nium  chloride  suluUon,  silver  chloride  appears  as  a  precipitate. 
Evidently  the  nitric  acid  has  caused  an  increase  in  the  con- 
centration of  Ag"*"  ion,  and  union  of  the  latter  with  the  abund- 
ant chloride  ion  has  followed.  This  reaction  is  explained  by 
Siiymg  that  NH,  is  converted  into  NH^NO,  by  the  HNO^. 
This  the  acid  does  by  virtue  of  the  hydrogen  ion  which  it 

_  furnishes.     The  latter  unites  with  the  free  ammonia  as  follows: 

n  of  the  latter  ion  with  the  nitrate  ion  to  form  NH,NOj 
B  place,  but  the  critical  change  is  that  of  ammonia  to 
The  removal  of  NH,  allows  the  dissociation  of 
the  silver  ammonium  ion  to  proceed  to  completion: 

Ag(NH,),+^Ag+-l-zNH,. 

537.  Other  Silver  Ammonium  Compounds. — If  ammonium 
hydroinde  is  added  to  silver  nitrate  solution  a  little  at  a  time, 

^cown  silver  hydroxide  is  seen  to  precipitate  but  eventually  to 
solve,  just  as  the  ammom'a  added  exceeds  the  proportion 
jitffo  molecules  for  each  molecule  of  silver  nitrate  present: 

AbNO,+  NH.0H-*NH,N0,+  AgOH ; 
AgOH+2NHj->Ag(NH,],OH. 

But  silver  ammonium  hydroxide  is  a  strong  base,  and  as  fast  as  it 
^onps  it  displaces  ammonium  hydroxide  from  its  salt,  NH^NOj, 

NH^O,+ Ag(NH,)^H-*NH,OH-|- AgCNH,),NO, , 

liat  the&nal  equation  for  the  formation  of  silve;-  ammonium 
tBte  from  ammonia  and  silver  nitrate  is 

AgNO,+  2NH,->Ag(NH,).N0,. 
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In  the  same  way  a  solution  of  silver  ammonium  sulfate  can 
be  made  by  the  addition  of  aqueous  ammonia  to  silver  sulfate. 
All  the  silver  ammonimn  salts  are  found  to  be  highly  ionized, 
just  as  are  potassimn  and  ammonimn  salts. 

538.  Other  Complex  Ions. — ^Ammonia  tmites  with  many 
other  metal  ions  to  form  complex  ions;  for  instance,  with  cupric 
ion  it  forms  the  brilliant  blue  copper  anunonium  iony  and 
with  nickel  ion  it  forms  the  less  highly  colored  blue  nickel 

anunonium  ion. 

Cu+++4NH3-»Cu(NH3)4++ 

Ni+++4NH3-»Ni(NH3)4++. 

These  complex  ions  form  salts  such  as  Cu(NH3)4S04  and 
Ni(NH3)4(N03)a.  The  chemistry  of  these  ions  parallels  that  of 
the  silver  ammonium  ion.  The  ammonium  ions  are  the  first 
which  we  have  called  complex  ions.  But  as  a  matter  of  fact 
we  have  been  dealing  with  a  great  number,  for  example,  nitrate, 
carbonate,  phosphate,  sulfate,  and  hydroxyl  ions.  In  the  double 
decomposition  reactions  studied,  these  ions  have  shown  no  sign 
of  any  dissociation  into  smaller  parts  corresponding  to  the 
dissociation  of  the  silver  ammonium  ion  into  silver  ion  and 
ammonia.  However,  there  is  evidence  that  these  secondary 
dissociations  do  exist,  but  to  a  very  much  smaller  degree  than 
in  the  case  of  a  complex  silver  ion.  In  other  words,  these  ions 
are  very  much  more  stable  than  the  latter.  We  shall  find  later 
other  examples  of  moderately  stable  complex  ions  like  those  of 
ammonia. 


J 
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CHAPTER  XXU 
HITRIC  ACID  AMD  THE  OXIDES  OF  WTTBOGEN 

539.  Nitric  Acid,  HNOj. — That  nitric  add  is  a  substance  of 
\  great  importance  will  be  apparent  at  once  when  it  is  known  that 
i  it  is  an  indispensable  agent  in  the  manufacture  of  explosives  and 
I  dyestuffs  and  in  addition  is  used  extensively  in  a  great  many 
I  other  ways.  We  have  already  learned  (104)  that  nitric  acid  can 
I  be  made  from  sodium  nitrate,  Chile  saltpeter,  and  sulfuric  acid: 

NaNOj+HjSO.^NaHSO.+HNO,. 

I  If  a  larger  proportion  of  NaNOj  is  used,  the  following  reaction 
f  can  also  occur  if  the  temperature  is  high  enough: 

2NaN0,+H,S0,^Na,S0,+ 2HN03. 

Until  recently  the  only  commercial  method  of  making  nitric 
tad  was  by  means  of  these  two  reactions.  In  practice  the 
'Action  takes  place  in  large  cast-iron  stills,  which  are  but  slightly 
attacked  by  the  two  acids  as  long  as  water  is  not  present.  The 
nitric  acid  distils  and  is  usually  condensed  in  vessels  made  of 
fused  quartz,  which  is  not  acted  upon  by  HNOj,  or  in  Duriron  (an 
alloy  of  iron  and  silicon) ,  which  is  almost  unaffected  by  the  acid. 

540.  Chile  Saltpeter,  NaNOj.^It  is  a  remarkable  fact  that 
there  is  but  one  known  source  of  sodium  nitrate  of  sufBcient 
magnitude  to  be  of  practical  importance:  this  consists  of  enor- 
t&ous  deposits  found  in  a  desert  region  in  the  mountains  of  Chile. 
These  deposits  form  a  stratum  averaging  five  feet  in  thickness 
;ftiid  covering  about  six  hundred  square  miles.  The  value  of  the 
saltpeter  exported  amounts  to  three-fourths  of  the  total  exports 
of  Chile,  and  the  export  duty  on  it  is  the  chief  source  of  revenue 
of  the  country. 

Potassium  nitrate  is  found  in  limited  quantities  in  India,  but 
the  deposits  are  far  too  small  to  be  of  importance  for  the  manu- 
facture of  nitric  acid. 


541-  Properties  of  Nitric  Acid.^Pure  anhydrous  (water- 
free)  nitric  acid  is  a  colorless  liquid  of  density  1.52;  it  boils  at 
78°,  undergoing  some  decomposition  into  water  and  oxides  of 
nitrogen.  The  pure  acid  of  commerce  contains  only  68  per  cent 
of  HNOj,  the  balance  being  water.  This  acid  has  a  density  of 
:.42.  When  dilute  nitric  acid  is  boiled  the  residual  portion 
grows  more  concentrated,  until  it  reaches  a  density  of  i ,  42  and 
68  per  cent  purity.  Acid  of  this  concentration  then  distils  at 
the  constant  temperature  of  120°.  Acid  more  concentrated 
than  68  per  cent  boils  at  lower  temperatures,  and  as  the  boil- 
ing continues  the  temperature  rises,  while  the  residual  acid 
becomes  less  concentrated,  until  finally,  at  120°,  68  per  cent 
acid  is  left. 

Nitric  acid  unites  with  water  to  form  two  crystalline  hydrates, 
HNO,H,0  and  HNOj-3H.O,  which  melt  at  -38"  and  -18° 
respectively. 

Nitric  add  is  one  of  the  most  highly  ionized  acids;  it  therefore 
has  all  the  properties  characteristic  of  a  strong  acid.  Its  salts 
are  all  soluble  in  water— most  of  them  very  soluble.  Nitrates 
of  strong  bases  (Na,  K,  Ca,  Ba,  Mg,  and  Ag)  give  neutral  solu- 
tions, while  solutions  of  nitrates  of  weak,  bases  are  acid  in  reaction, 
owing  to  hydrolysis  (436).  Other  important  properties  demand 
treatment  in  separate  paragraphs, 

542.  Nitric  Acid  as  an  Oxidizing  Agent. — In  addition  to  its 
action  as  an  acid,  nitric  acid  also  acts  as  a  powerful  oxidizing 
agent.  It  will  be  recalled  that  oxidation  and  reduction  alwaj-s 
go  hand  in  hand  (327);  the  oxidizing  agent  is  reduced,  and  the 
reducing  agent  is  oxidized.  Most  reducing  agents  react  readily 
with  nitric  acid,  being  themselves  oxidized  as  the  result  of  the 
reaction.  The  reduction  of  HNOj  gives  the  compounds  NOj, 
NO,  N,0,  N,,  or  NHj,  according  to  the  reducing  agent  used. 
The  subject  is  best  approached  after  one  has  become  familiar 
with  the  properties  of  the  oxides.  We  shall  therefore  first  take 
up  the  study  of  the  latter  and  then  return  to  the  discussion  of 
the  action  of  nitric  acid  as  an  oxidizing  agent  (557). 

543.  Nitric  Oxide,  NO. — Nitric  oxide  is  a  colorless  gas 
almost  insoluble  in  water;    it  is  most  easily  made  by  the 
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fsrrlon  of  dilute  HNOj  on   copper.     We  might  expect   the 
tion  to  be 
Cu+2HN0,-*Cu(N0,),+H„ 
CO 
tic 
i: 
a] 


It  copper  has  virtually  no  tendency  to  displace  hydrogen  from 
Klutions  of  acids.  We  find  that  the  reaction  actually  take:i 
ice  according  to  the  equation 

3Cu+8HNOj-»3Cu(NOj)j+4H,0+2NO. 

"TTie  apparatus  shown  in  Fig.  87  {513)  is  used.  About  30  g.  of 
copper  in  the  form  of  wire,  cUppings,  turnings,  etc.,  arc  placed 
in  a  250  ex.  flask,  and  60  c.c,  of  concentrated  nitric  acid  mixed 
Willi  60  c.c.  of  water  are  added.  The  wash  bottle  contains  dilute 
NaOH. 
The  reaction  in  the  flask  starts  at  once,  and  the  vessel  is  soon 
i  with  a  brown-colored  gas.  After  a  few  minutes  thi»  dis- 
ars,  and  in  its  place  is  a  faintly  colored  gas,  nitric  oxide, 
liich  is  impure.  When  purified  by  passing  through  the  wash 
Ktle  it  proves  to  be  colorless.     It  may  now  be  collected  over 

a  the  cylinder  set  in  the  pneumatic  trough. 
r544.  Direct  Union  of  Nitrogen  and  Oxygen. ^Thc  Ktudcnt's 
Beral  chemical  experience  and  observations  will  have  already 
Bhim  to  the  conclusion  that  nitrogen  does  not  readily  combine 
Ktly  with  oxygen;  for  if  the  reaction 

N,+0,^iNO 

Occurred  very  eaaly  it  would  be  impossible  tor  the  mixture  of 
^',  and  O,  composing  air  to  exist  without  union  taking  place. 
Nevertheless  the  passage  of  electric  sparks  through  air  leadti  to 
the  formation  of  a  small  amount  of  nitric  oxide;  but  the  reaction 
soon  reaches  equilibrium  because  of  the  decomposition  of  nitric 
oxide  into  its  constituents  under  the  action  of  electric  i^rkft. 
Tie  passage  of  a  fiash  of  lightning  through  air  produces  a  little 
BJtPCCBdC- 

B  itnioii  of  nitrogen  and  oxygen  under  the  fn6u- 
e sparks  was  diicovered  by  Caveodiih  in  ijfift,  it 
atttc  iotctat  for  cbetni»u  op  to  very  recent  times. 
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The  modem  application  of  this  reaction  to  the  manufacture  of 
nitric  acid  will  be  taken  up  later  (566). 

545.  The  Properties  of  Nitric  Ozidey  NO. — ^Nitric  oxide  is  a 
colorless  gas  nearly  insoluble  in  water  and  slightly  heavier  than 
air.  One  liter  weighs  i  •  34  g.  and  22.4  liters  30  g.,  agreeing  with 
that  calculated  from  the  formula  NO.  Nitric  oxide  is  very 
stable,  not  being  decomposed  into  its  elements  except  at  high 
temperatures. 

When  nitric  oxide  comes  in  contact  with  air  it  turns  brown. 
The  same  change  takes  place  when  nitric  oxide  is  mixed  with  half 
its  volume  of  pure  oxygen.    The  reaction  takes  place  thus: 

2NO+Oa-»2NO,. 

The  brown  gas,  NO2,  is  called  nitrogen  tetroxide.  This  is  the 
brown  gas  that  first  appears  when  nitric  oxide  is  being  made, 
since  the  latter  imites  with  the  O,  present  in  the  flask  to  form 
brown  NO,.  It  is  interesting  to  note  that  a  little  heat  is  given 
out  when  NO  and  Oa  unite. 

546.  Combustion  in  Nitric  Oxide. — The  proportion  of  oxygen 
in  nitric  oxide  is  about  two  and  one-half  times  as  great  as  in  air^ 
and  we  might  expect  that  this  gas  would  support  combustion  very 
readily;  but  this  is  not  the  case.  Burning  sulfur  or  a  burning 
candle  is  extinguished  if  brought  into  a  jar  of  nitric  oxide.  A 
mixture  of  hydrogen  and  nitric  oxide  does  not  explode  with  an 
electric  spark.  On  the  other  hand,  a  few  substances  will  bum 
in. nitric  oxide  if  strongly  heated;  thus  an  iron  wire  heated  to 
incandescence  by  an  electric  current  takes  fire  in  this  gas  and 
bums,  forming  an  oxide  and  setting  nitrogdS  Jtee.  Briskly 
burning  phosphorus  continues  to  burn  when  plunged  into  a  jar 
of  nitric  oxide,  forming  phosphorous  pentoxide  and  nitrogen, 

4P+  ioNO-»2PA+5Na. 

The  vapor  of  carbon  bisulfide,  CS,,  an  easily  combustible 
and  very  volatile  liquid,  gives  with  nitric  oxide  a  mixture  that 
readily  burns  with  a  bright  light.  By  way  of  caution  it  may  be 
pointed  out  that  carbon  bisulfide  is  a  very  dangerous  liquid, 
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rimuse  oj  the  readiness  with  wimh  it  catches  Jirc.    It  must  be  kepi 
mjyfrom  oil  flames  and  heated  objects. 

547.  Other  Ways  of  Making  Nitric  Oxide. — ^Nitric  oxide  is 
ionned  liy  the  action  of  dilute  nitric  acid  on  many  other  metals 
'lesides  copper.  It  is  also  formed  when  various  oxidizable  sub- 
stances react  with  dilute  HNOj  as  illustrated  by  the  following 
equation: 

2HNOj+6FeS04+5HjSO,->3FeXSOj3+2NO+4HA 

By  means  of  this  reaction  very  pure  nitric  oxide  can  be  made. 

548.  Nitric  Oxide  and  Ferrous  Sulfate. — When  nitric  oxide 
15  passed  into  a  solution  of  FcSOj  a  dark-colored  'Solution  is 
formed  containing  the  compound  FeSOj-NO.  When  this  solu- 
tion is  heated  the  compound  is  decomposed,  and  very  pure 
nitric  oxide  is  given  off.  The  formation  of  a  nearly  black  solu- 
tion with  FeSO,  serves  as  a  good  test  for  nitric  oxide,  and  in  con- 
sequence also  for  nitric  acid,  by  reason  of  the  fact  that  nitric 
idd is  reduced  to  nitric  oxide  by  FeSO<  in  the  presence  of  H,SOj, 
liie  ferrous  sulfate  being  oxidized  to  ferric  sulfate,  Fe^SOJi,  at 
t!ie  same  time. 

549.  A  Test  for  Nitric  Add  and  Nitrates.— If  2  or  3  c.c.  of  a 
mixture  of  nitric  acid  or  any  nitrate  and  concentrated  sulfuric 
add  are  placed  in  the  bottom  of  a  test  tube,  and  a  solution  of 

ms  sulfate  is  cautiously  added  in  such  a  way  that  the  two 
itions  do  not  mix,  a  dark-brown  ring  will  be  formed  at  the 
Junction  of  the  two  layers.    The  brown  layer  contains  the  com- 
pound FeSO,- XO. 

550.  Nitrogen  Tetroxide,  NO,.— We  have  learned  that  the 
kown  gas  nitrogen  tetroxide  is  formed  by  the  direct  union  of 

Wc  oxide  and  oxygen,  thus: 

2N0-(-0,-2N'0,. 

ftilalso  formed  in  several  other  ways,  such  ai  by  the  action  of 
ntrated  HNO,  on  many  metals.  For  example,  with  coo- 
rated  HNO,  and  copper  we  have 

Cu+4HNOr*CufNO,),-f-aN0,+  >H^. 


aadi 

|AtTO. 

rSinct 
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Dilute  HNOj  and  copper  give  NO  instead  of  NOa  (543)- 
The  cause  of  this  difference  is  found  in  the  behavior  of  the  two 
oxides  of  nitrogen  toward  H^O  and  HNO3,  as  represented  in  the 
equation 

3N0a+Ha0i^  2HNO3+NO. 

With  much  warm  water  this  reaction  takes  place  nearly  com- 
pletely from  left  to  right;  but  the  reaction  is  reversible,  since 
nitric  oxide  acts  almost  completely  on  an  excess  of  concentrated 
nitric  acid  to  form  nitrogen  tetroxide  and  water.  Therefore,  in 
the  action  of  nitric  acid  on  copper,  nitric  oxide  will  be  given  off 
if  the  acid  is  very  dilute,  and  nitrogen  tetroxide  if  it  is  very  con- 
centrated; with  an  acid  of  intermediate  concentration  a  mixture 
of  the  two  oxides  will  result. 

Nitrogen  tetroxide  is  also  prepared  by  heating  the  nitrates 
of  heavy  metals  such  as  copper,  lead,  mercury,  silver,  etc.  (565). 

551.  The  Physical  Properties  of  Nitrogen  Tetroxide.— 
Nitrogen  tetroxide  is  a  reddish-brown  gas  having  a  peculiar, 
disagreeable  odor.  It  is  dangerously  poisonous  and  may  pro- 
duce fatal  results  after  a  day  or  two  when  inhaled  in  quantities 
which  seem  inconsequential  at  the  time.  It  is  easily  condensed 
to  liquid  form  by  cooling  it  with  ice;  at  —10®  liquid  nitrogen 
tetroxide  solidifies  to  a  mass  of  nearly  colorless  crystals.  The 
liquid  formed  by  the  melting  of  these  crystals  is  also  nearly 
colorless  at  temperatures  near  the  melting-point;  as  the  tempera- 
ture is  raised  the  liquid  becomes  first  yellow,  then  orange,  and 
finally  boils  at  22°,  giving  a  gas  or  vapor  of  light  reddish-brown 
color.  At  higher  temperatures  the  gas  becomes  much  darker  in 
color. 

552.  The  Density  of  Nitrogen  Tetroxide.— The  formula  NO, 
corresponds  to  a  formula  or  molecular  weight  of  46  and  a  gas 
density  i .  59  times  that  of  air.  The  actual  density  which  at 
room  temperature  is  very  much  greater  than  this  decreases 
with  rise  of  temperature  and  reaches  the  value  1.59  only  at 
140**.    The  exact  results  are  shown  in   Table  XXII. 

The  very  remarkable  changes  in  density  and  color  with 
change  of  temperature  are  thought  to  be  due  to  the  formation 
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lit  low  temperatures  of  double  molecules  having  the  formula 
INiO^,  the  equation  being 

2N0,nNA- 

Iji  we  accept  this  view  and  aiso  suppose  NjOj  to  be  colorless  and 

I  NO,  dark  reddish-brown  we  get  a  very  satisfactory  explanation  of 

'  a!!  the  known  facts.     The  form  N,Oj  exists  ahnost  pure  in  the 

crystals  at  —  lo";   in  the  liquid  state  some  dissociation  to  NO, 

»has  taken  place,  giving  a  yellow  or  at  higher  temperature  an 
orange-colored  liquid. 
TABLE  XXU 
i 


T<«pn.tu» 

D«™w 

Cikuliwd 
Molecular  Weight 

Prr  Crnl 0 

\0. 

,. 

CtPt  ol  >f  jO, 

*i 

I   78 
I  SO 

5' 

*6 

■00 

i 
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In  Table  XXII  the  percentages  of  NO,  and  N,04  at  \ 
temperatures  are  given,  as  calculated  from  the  densities.  At 
■40°  the  dissociation  into  single  molecules  of  NO,  is  practically 
complete.  In  accord  with  this  explanation  it  is  actually  found 
that  the  density  (corrected  of  course  for  thermal  expansion) 
iti&aios  constant  above  140°. 

In  chemical  equations  we  shall  continue  to  write  the  formula 
^'0,  for  nitrogen  tetroxide,  but  it  will  be  understood  that  much 
°^  the  gas,  at  room  temperature,  is  in  the  form  of  NjO,. 

553.  Nitrites  and  Nitrous  Acid.— A  very  interesting  reaction 
**kcs  place  when  NO,  is  passed  into  a  solution  of  NaOH.  The 
SM  is  completely  absorbed,  and  the  solution  upon  evaporation 
yields  crystals  of  two  sails— sodium  nitrate,  NaNO,,  and  sodium 
^Ule,  NaNO,.     The  reaction  occurs  according  to  the  equation 


^Sxiii 


3NO.+  iNaOH^\aNO,-i-NaNO,+  HX). 


ium  nitrite  ts  a  salt  of  technical  importance,  particularly 
*  connection  with  the  manufacture  of  certain  dycstuffs  and 
Medicinal  chemicals.    It  is  the  salt  of  an  acid,  HNO„  caUed 
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nitrous  acid.  The  free  add  itself  is  very  unstable  and  its  dilute 
solution  easily  decomposes,  thus: 

3HNOa->HN03+  2NO+HaO. 

On  the  other  hand  the  nitrites  of  sodiiun  and  potassiiun  are 
stable  in  water  solution.  They  are  also  resistant  to  heat.  As 
a  matter  of  fact  they  are  usually  made  by  the  decomposition 
of  the  corresponding  nitrates  under  heat  (565).  Anmionium 
nitrite,  however,  decomposes  in  hot-water  solution,  forming 
nitrogen  and  water  (513). 

All  nitrites  are  easily  oxidized  to  nitrates.  Solutions  of  these 
reagents  imdergo  this  change  simply  on  exposure  to  air  and 
consequently  are  never  free  from  nitrates. 

Nitrous  acid  is  an  oxidizer  strong  enough  to  change  hydriodic 
acid  into  iodine  and  water,  but  not  strong  enough  to  act  similarly 
with  hydrobromic  acid: 

2HI+  2HN0,-»Ia+  2NO+  2HaO. 

Since  nitrous  acid  is  easily  reduced  to  nitric  oxide  it  will  give 
the  ring  test  (549),  as  the  latter  depends  on  the  formation  of 
this  substance. 

554.  Nitrogen  Trioxide,  or  Nitrous  Acid  Anhydride. — ^An 

oxide  having  the  composition  N2O3  is  found  to  form  white  crystals 

at  — 103°.    At  room  temperatures  it  can  exist  only  in  minimal 

amounts  in  equilibrium  with  its  decomposition  products  NO 

and  NOj: 

NA->NO+NOa. 

The  decomposition  of  nitrous  acid  yields  products  which  appar- 
ently come  from  the  dissociation  of  this  gas,  so  that  the  latter 
may  be  called  the  anhydride  of  nitrous  acid  (313): 

2HNOa^HaO+NA. 

555.  Nitrogen  Pentoxide,  the  Anhydride  of  Nitric  Acid.— 

Nitrogen  pentoxide,  NaOj,  is  a  rather  unstable,  colorless  crystal- 
line substance  which  is  formed  from  pure  anhydrous  (water-free) 
HNO3  by  the  action  of  PaOj,  thus: 

2HN03-f  PaOs-»2HP03-f  N  A. 
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HieNiO,  formed  is  separated  from  the  involatile  metaphosphoric 
icid,  HPOj,  by  careful  distillation  and  condensation  in  a  vessel 
cooled  with  ice.    Nitrogen  pentoxide  decomposes  readily  into 

10,  and  0„  thus: 
2N,Oj->-4NO,+0,. 


v 


Kalso  unites  vigorously  with  H^O  to  form  HNOj, 
NA+H,C>*3HN0j. 

556.  Nitrous  Oade,  N^O,  Laughing  Gas.— Of  the  five  oxtde7 
nitrogen,  nitrous  oxide,  NjO,  is  the  only  one  met  with  outside 
chemical  works  and  laboratories.     It  is  the  well-known  sub- 
stance laughing  gas,  used  by  all  dentists  as  a  mild  anaesthetic. 
This  gas  is  made  practically  by  heating  ammonium  nitrate, 
which  decomposes  easily  according  to  the  following  equation: 

NH,NOj-*N,0+2H.O. 

If  the  substance  is  heated  too  strongly  the  reaction  takes  place 
"plosively.  In  fact,  NH,NOj  is  being  used  extensively  us  an 
oplosive.     Therefore  great  care  must  be  Uiken  to  heat  the  substance 

Mtrous  oxide  is  a  colorless  gas,  having  a  faint,  not  unpleasant 
odor.  It  is  somewhat  soluble  in  water  but  is  usually  collected 
over  wann  water.  The  gas  is  condensed  to  liquid  form  by 
sufficient  pressure.  Liquid  N,0  boils  at  —90".  This  liquid, 
tantained  in  steel  cylinders,  is  an  article  of  commerce. 

Although  N,0  contains  a  smaller  proportion  of  oxygen  than 
other  oxide  of  nitrogen,  it  supports  combustion  almost  as 
as  ox}-gen  itself.  A  glowing  splint  bursts  Into  flame  when 
;ht  into  N,0,  just  as  it  would  do  in  O,. 

557.  Oxidation  by  Nitric  Acid.— We  arc  now  ready  to  discuiMi 
ition  by  nitric  acid.     Since  these  reactions  involve  changes  in 

electric  charges  on  the  nitrogen  atom  (501),  let  us  go  over  the 
^-'^QUnon  reduction  products  of  nitric  acid  with  a  v'ur/i  to  as^ign- 
"ig  the  electric  charges  10  the  nitrogen  atomB  present  in  tht-m. 
"1  doing  this  two  rules  are  followed:  (i)  oxygen  in  combination 
K  double  negatively  charged  except  in  the  case  of  a  peroxide; 
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and  (2)  hydrogen  in  combination  is  always  single  positively 
charged.  Since  the  sum  of  the  charges  carried  by  the  atoms  in 
an  electrically  neutral  substance  must  be  zero,  we  may  calculate 
the  charge  on  one  of  the  atoms  of  a  compoimd  if  its  charge  is  the 
only  one  not  known.  Table  XXIII  shows  the  probable  charges 
on  the  nitrogen  atom  in  the  compoimds  we  have  studied.  For 
convenience,  charges  greater  than  three  in  number  are  written 
with  a  superscript  to  show  the  number  of  charges.  Thus  N^"^ 
is  equivalent  to  N"^"^"^"^"^.  When  nitric  acid  is  reduced  to 
NOa  the  original  atom  of  nitrogen  has  gained  one  electron 
(N5+-»N*"^).  To  form  N,  it  must  gain  five  electrons,  and  to 
form  NH3  it  must  gain  eight.    Therefore  it  is  a  greater  feat  to 

TABLE  XXIII 

Compounds  Nitrogea  Atoms 

HNO3,  NaOs  and  nitrates Ns+ 

NOa,  NA N<+ 

HNOa,  NaO,  and  nitrites    .  .  N+++ 

NO N++ 

NaO N+ 

Na N» 

NH3 N 

reduce  nitric  acid  to  ammonia  than  to  nitric  oxide.  And  in 
general  we  find  that  the  more  active  the  reducing  agent  the  more 
we  get  of  products  like  N^O,  N^,  and  NH3.  Thus  the  main 
products  of  the  reaction  of  copper  and  nitric  acid  are  NO  and 
NOa  (sso) ;  but  when  zinc  reacts  with  nitric  acid,  NaO,  Na,  and 
NH3  may  be  formed.  The  latter  is  foimd  as  NH4NO3,  of  course, 
if  there  is  excess  nitric  acid  available  for  combination.  These 
results  agree  with  our  previous  experience  with  these  metals, 
since  we  have  already  found  in  the  study  of  the  electromotive 
series  that  zinc  gives  up  electrons  far  more  easily  than  does 
copper  (491). 

The  concentration  of  the  solution,  however,  as  well  as  the 
nature  of  the  reducing  agent,  determines  the  final  products  of 
these  reactions  by  reason  of  the  reversible  reaction 

3NOa+HaO->2HN03+NO. 
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'  We  find,  for  example,  that  NO  is  the  main  product  of  the  action 
of  copper  on  dilute  nitric  acid,  while  with  concentrated  nitric 
add  NO,  is  chiefly  formed. 

558.  Reactions  of  Nitric  Add  with  Metals.— All  the  common 

KnieUls  except  platinum  and  gold  dissolve  in  nitric  acid  to  form 

ilrates,  though  the  latter  arc  sometimes  much  hydrolyzed.     It 

^  thought  that  zinc  would  displace  hydrogen  from  nitric 

t  as  a  matter  of  fact  only  metals  in  the  electromotive 

1  to  and  including  aluminum  can  generate  hydrogen 

fast  enough  for  it  to  escape  the  oxidizing  action  of  nitric  acid. 

The  cases  of  copper  and  zinc  already  discussed  may  be  taken  as 

^  fflustrative  of  these  reactions. 

^b     559.  Reactions  of   Nitric   Acid  with  Non-Metals.— Finely 

^WiM'ded  sulfur  is  oxidized  to  sulfuric  acid  by  hot  nitric  acid. 

"  Iodine  is  oxidized  to  iodic  acid,  HIOj.    Red  phosphorus  is 

oxidized  to  phosphoric  acid  (Care !  see  591).     Powdered  charcoal 

(carbon)  is  oxidized  to  carbon  dioxide.    In  all  of  these  actions 

brown  fumes  are  given  off,  showing  the  release  of  NO  or  NO,. 

560.  Nitric  Acid  as  a  Chemical  Solvent  for  Salts. — The  fact 
that  nitric  acid  is  an  oxidizing  agent  accoimts  for  its  ability  to 
dissolve  many  salts  on  which  hydrochloric  acid  fails  to  act. 
Thus  the  insoluble  copper  sulfide  docs  not  dissolve  appreciably  in 
HCI  (456)  but  does  dissolve  in  dilute  nitric  acid,  forming  copper 
nilrate  and  sulfur,  or  sulfuric  acid  if  the  action. with  the  acid  is 
continued.  So  also  mercurous  chloride,  insoluble  in  HCI,  is 
dissolved  easily  by  dilute  HNOj  to  form  mercuric  nitrate,  If 
neither  of  the  ions  of  a  salt  can  be  oxidized  nitric  acid  is  no  better 
chemical  solvent  than  HCI.  Thus  neither  acid  can  dissolve 
barium  sulfate  appreciably. 

561.  Balancing  of  Oxidation  and  Reduction  Equations.^ 
Before  leaving  the  subject  of  oxidation  by  nitric  acid  it  is  worth 
while  to  take  up  a  systematic  method  for  balancing  oxidation 
and  reduction  equations,  to  be  used  when  the  proper  coefficients 
cannot  be  easily  arrived  at  by  inspection.  The  following  illus- 
I  ration  of  a  useful  method  is  given  in  detail.    As  has  been  said, 

)pper  reacts  with  concentrated  nitric  acid  to  give  copper  nitrate, 
^Aitiogen  tetroxide,  and  water.    We  may  first  write  down  the 
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formulae  of  the  substances  taken  and  of  the  products  in  the  form 
of  an  equation  without  the  coefficients: 

Cu+HNO,'^u{NO,j,+NO,+H/). 

Inspection  of  the  formulae  shows  that  the  only  atoms  which 
change  their  valence  are  those  of  copper  and  those  of  nitrogen 
which  go  to  form  NOa  (not  those  which  go  to  form  nitrate) .  The 
equation  for  the  exchange  of  charges  by  these  atoms  is  as  follows: 

Cu+ 2Ns+-»Cu++ + 2N*+. 

The  equation  is  balanced  so  that  the  number  of  electrons  given 
up  by  the  copper  atoms  equal  those  taken  by  the  nitrogen.  We 
may  next  write  the  equation  to  represent  the  change  between  the 
molecules  which  contain  these  atoms: 

Cu+  2HN03-»Cu++ + 2NOa+HaO+0-  -.  (i) 

On  the  right-hand  side  we  need  not  trouble  to  assign  positive 
ions  to  negative  ions  to  form  molecules  unless  so  doing  accounts 
for  some  of  the  actual  products.  NOa  and  HaO  are  examples. 
We  may  next  write  equations  to  show  the  transformation  of  the 
Cu"*"+  and  O      into  the  products  in  which  they  finally  appear, 

Cu+++2HN03-»Cu(NO,)a+2H+.  (2) 

Gathering  up  the  O  and  H"^  from  (i)  and  (2),  we  may  com- 
bine them  to  form  water, 

0~+2H+-»H,0.  (3) 

Since  all  the  products  are  accoimted  for,  we  may  now  secure  the 
final  equation  by  adding  equations  (i),  (2),  and  (3)  and  canceling 
the  terms  which  appear  on  both  sides: 

Cu+4HN03-»Cu(N03),+ 2N0a+ 2HaO. 

A  little  experience  will  show  that  there  is  a  great  similarity 
in  oxidation  and  reduction  equations,  so  that  the  detail  which 
we  have  written  out  so  laboriously  will  soon  become  so  famiUar 
that  the  intermediate  equations  need  not  be  written  out.    How- 
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ever,  until  this  facility  is  gained  it  is  better  to  write  out  cuch  iitcp» 
as  was  done  above. 

One  more  example,  which  is  a  difficult  one,  will  now  he  taken 
up,  namely  the  reaction  between  zinc  and  nitric  acid  to  forn\ 
zinc  nitrate,  ammonium  nitrate,  and  water.  We  shall  follow 
exactly  the  same  scheme  as  before.  The  first  step  is  to  arrange 
the  initial  materials  and  end  products  in  the  form  of  an  cciuation 
without  the  coefficients: 

Zn+HNO,->Zn(NOi),+Nn,NO,+IW. 

Next  we  write  and  balance  an  equation  to  show  the  cxchanKci  In 
charges  between  the  atoms  which  undergo  oxidation  and  reduc- 
tion: 

4Zn+N«+-»4Zn+++N-— . 

The  equation  for  the  reaction  of  the  molecules  which  contain 
these  atoms  is 

4Zn+HNOr>4Zn+++N +sO"+ll^.  (t) 

On  the  ri^t-hand  side  of  the  equation  we  have  not  troublird  Uf 
assign  any  of  the  podtive  ions  to  the  negative  umn,  Hin/i;  in  v; 
doing  we  would  not  account  for  any  of  thi:  iuXixal  pp/'lu'  U, 
Next  we  must  account  for  the  actual  pr<xlu/;t*  out:  by  ow. 
These  result  from  the  unicm  of  the  ion*  rq/r^rvrnt^^l  in  ^tj  wjfh 
the  ions  of  the  excess  acid  present: 

^thcring  vp  the  cxoe«  H"  ajyf  O*"  '  ir/^f)  ^-/.^^^i^y/rn  ' i,    '^2, 
(3),  and  ^4)  we  may  wrh* 
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562.  Aqua  Regia. — ^As  has  already  been  stated,  gold  is  not 
attacked  by  nitric  acid;  but  this  royal  metal  dissolves  readily  in 
the  liquid  made  by  mixing  nitric  acid  .with  three  times  its  volume 
of  concentrated  hydrochloric  acid.  Therefore  the  liquid  solvent 
for  the  royal  metal  was  called  aqua  regia  ("royal  water")  by  the 
alchemists  of  a  thousand  years  ago.  When  aqua  regia  is  gently 
warmed  the  liquid  becomes  yellow  and  gives  oflF  gases  as  the  result 
of  a  reaction  probably  best  represented  by  the  equation 

3HCl+HN03->2HaO+NOCl+Cl,. 

The  substance  NOCl  is  called  nitrosyl  chloride.  The  action  of 
aqua  regia  on  gold  converts  the  latter  into  auric  chloride,  AuCl3» 
a  yellow  salt  easily  soluble  in  water.  Platinum,  which  like  gold 
is  also  insoluble  in  either  nitric  or  hydrochloric  acid  singly,  dis- 
solves in  aqua  regia  to  form  platinic  chloride,  PtCl4. 

563.  Nitrosyl  Chloride,  NOCl. — This  substance  is  a  brownish- 
colored  gas  of  very  disagreeable  odor.  It  is  used  extensively 
for  bleaching  flour.  Less  than  one  gram  of  NOCl  is  required  to 
bleach  a  barrel  of  flour.    Nitrosyl  chloride  is  readily  acted  on 

by  water,  thus : 

NOCl+HaO->HCl+HNO.. 

The  nitrous  acid  formed  is  unstable  and  soon  decomposes: 

3HNOa->HN03+  2N0-f  H.O. 

564.  Nitrates. — Nearly  every  basic  ion  can  form  a  nitrate. 
The  nitrates  are  all  easily,  some  extremely,  soluble  in  water.  A 
few  nitrates  derived  from  weak  bases  are  hydrolyzed  by  water, 
forming  diflScultly  soluble  basic  nitrates.  Thus  mercuric  nitrate 
and  water  give  Hg(N03)a*2HgO'H20,  called  basic  mercuric 
nitrate.  Bismuth  nitrate  and  water  give  the  basic  nitrate 
BiONOj,  called  bismuth  subnitrate,  used  extensively  in  medicine. 

The  nitrate  ion,  NOj",  is  colorless,  and  so  also  are  all  nitrates 
of  colorless  basic  ions. 

565.  Decomposition  of  Nitrates  by  Heat. — ^AU  nitrates  are 
decomposed  when  they  are  heated  to  sufl&ciently  high  tempera- 
tures. They  fall  into  three  classes  with  respect  to  their  behavior 
when  heated. 
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1.  When  sodium  nitrate,  NaNOj,  is  heated,  it  first  melts 
without  decomposition  to  give  a  colorless  liquid.  At  a  higher 
temperature  the  liquid  appears  to  boil.  The  gas  given  off  is 
oiygen,  formed  as  follows; 

2NaNOj^2NaNO.+0,. 

The  other  product,  NaNO,,  is  sodium  nitrite,  the  formation  of 
"hich  by  the  action  of  NO,  on  NaOH  has  already  been  mentioned 
1553).  Potassium  nitrate,  KNOj,  when  heated  gives  potassium 
nitrite,  KNO„  and  oxj-gen. 

a.  The  effect  of  heat  on  lead  nitrate  results  in  the  following 
decomposition: 

2Pb(N0j),-*2PbO+4NO,+O,. 

This  reaction  is  typical  of  the  beha\'ior  of  the  nitrates  of  most 
metals  excepting  those  of  the  alkah  group  {Na,  K,  etc.).  In 
some  cases  the  oxide  of  this  metal  is  also  decomposed  by  heat, 
so  that  the  free  metal  is  formed.  This  is  the  case  with  the 
tiitrates  of  mercury  and  silver. 

3.  The  action  of  gentle  heat  on  ammonium  nitrate,  which 
t^es  place  thus, 

NH,N0i-^N.0+2H,0, 

has  ahrady  been  described  (556). 

566.  The  Equilibrium  between  Nitrogen  and  Oxygen. — We 
*fe  now  ready  to  take  up  in  detail  the  consideration  of  the  prob- 
**^tn  of  the  manufacture  of  nitric  acid  from  atmospheric  nitrogen. 
■Ve  shall  begin  by  the  study  of  the  reversible  reaction 


*liis  reaction  takes  place  so  slowly  below  800°  (a  bright-red  heat) 
*-tiat  ordinary  obser\'ation  would  lead  one  to  conclude  that 
**atrogen  and  oxygen  have  no  tendency  to  unite,  and  that  nitric 
^sride  has  no  tendency  to  dissociate  into  its  constituents.  At 
"^cr)*  high  temperatures  each  reaction  takes  place  more  rapidly, 
^o  that  at  the  very  high  temperature  of  3000"  equilibrium  is 
^'cached  in  a  small  fraction  of  a  second.  At  3000°  only  about 
S  per  cent  of  the  N,  and  Oj  are  combined  as  NO  in  the  equilibrium 
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mixture.  At  lower  temperatures  the  equilibrium  mixture  con- 
tains still  smaller  proportions  of  NO.  Table  XXIV  shows  the 
percentage  by  volume  of  NO  in  the  equilibrium  mixture  at  each 
of  several  temperatures,  and  also  the  length  of  time  required  to 
reach  practically  complete  equilibrium  (that  is,  within  one-tenth 
of  I  per  cent  complete).  Inspection  of  the  table  shows  that  the 
higher  the  temperature  the  greater  the  proportion  of  NO  formed 
and  the  quicker  the  attainment  of  equilibrium. 


TABLE  XXIV 


r«^^. 

pCTCtntotNO 

Time 

2.6 
S  3 

I2d>.ys 
30  sec. 

J|^« 

0,0004  «c. 

4 


567.  The  Manufacture  of  Nitric  Acid  from  Air. — It  is  a 
simple  matter  to  make  nitric  acid  from  nitric  oxide,  NO.  We 
have  learned  that  NO  unites  readily  at  ordinary  temperatures 
with  oxygen  of  the  air  to  form  nitrogen  tetroxide, 

aNO^O.-l-jNO,. 

The  latter  gas  reacts  with  water  to  give  nitric  acid  and  nil 
oxide, 

jNO,+ H,0h.2HN0j -I- NO ; 

and  since  the  NO  by  direct  union  with  oxygen  of  the  air  pj 
readily  into  Nd,  the  whole  of  the  NO  can  finally  be  converted 
into  nitric  acid.  The  reactions  discussed  in  this  and  the  fore- 
going paragraphs  are  now  carried  out  on  a  very  large  scale  for 
the  manufacture  of  nitric  acid  from  atmospheric  nitrogen.  The 
difficult  part  of  the  process  is  the  preparation  of  NO.  We  see 
from  the  table  that  the  higher  the  temperature  to  which  the 
mixture  of  N,  and  O,  is  heated  the  greater  the  proportion  of 
NO  present  in  the  equilibrium  mixture.  Now  it  is  not  at  all 
difficult  to  heat  air,  which  is  simply  a  mixture  of  N,  and  0„  to 
3000°  or  even  higher  by  means  of  an  electric  arc.  The  air  at 
this  temperature  then  contains  5  per  cent  or  more  of  NO,  whicb 
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ija  very  satisfactory  proportion.  But  a  most  serious  difficulty 
i^  now  encountered :  this  gas  mixture  is  at  a  dazzling  white  heal, 
30CC'!  It  must  be  cooled  almost  to  ordinary  temperatures 
before  it  will  unite  with  more  oxygen  to  form  NO,;  and  the  latter 
must  be  nearly  cold  before  it  is  combined  with  HjO  to  produce 
HNOj.  Since  the  cool- 
ing cannot  be  accom- 
plished instantaneously, 
the  temperature  for  an 
appreciable  time  will  be 
!>etv.een  asoo^and  2000°. 
Therefore  the  reaction 


N>+0,K:aNO 


reverse  to  a  greater 
w  less  extent,  since  at 
^500°  only  2 . 6  per  cent 
of  NO  is  stable  and  at 
moo"  only  i .  2  per  cent. 
If  the  mixture  which 
contained  5  per  cent  of 
"^0  at  3000°  remains  at 
for  30  seconds  only 
a  per  cent  of  NO  will 
left!  This  makes  it 
rative  to  cool  the  gas  mixture  very  rapidly  to  a  temperature 
below  1000%  where  the  speed  of  decomposition  of  NO  becomes 
"egligibte. 

One  of  the  most  successful  practical  methods  of  making  NO 
■ill  now  be  described. 

568.  The  Birkland  and  Eyde  Process.— This  process  < 
^rented  in  1903  by  two  Norwegians,  Birkland  and  Eyde.    Air 
I  through  an  immense  electric  arc  and  then  cooled  as 
idly  as  possible.     The  mixture  of  unchanged  air  and  nitric 
tee  is  then  used  to  produce  nitric  acid  by  means  of  the  reactions 

idy  discussed  (567).    The  Birkland-Eyde  electric  i 
(town  in  cross-section  in  Fig.  go.     An  arc  formed  at  A  bet 
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the  electrodes  which  enter  from  the  front  and  back  is  spread  ouC:^ 
by  the  action  of  a  powerful  magnet  N-S  into  a  great  electric^ 
flame  which  fills  the  space  B-B.    The  wires  of  the  magnet  are^ 
shown  at  M-M.    The  arc  is  inclosed  by  refractory  walls,  pierced 
by  numerous  holes.     (A  refractory  substance  is  one  which  is 
incombustible  and  may  be  heated  to  a  high  temperature.)     Air 
passes  through  the  furnace  in  the  maimer  shown  by  the  arrows. 
The  temperature  of  the  perforated  walls  inclosing  the  arc  does 
not  exceed  800°,  owing  to  the  cooling  effect  of  the  inflowing  air. 
In  the  arc  the  gases  reach  a  temperature  of  3S°°''i  ^^^  ^^^  sub- 
sequently quickly  cooled  by  the  walls,  so  that  they  escape  at 


about  1000°.  The  NO  content  is  about  2  per  cent.  In  addition 
to  the  furnace  Just  described,  several  others  accomplishing 
similar  results  are  in  practical  use. 

569.  Conversion  of  Nitric  Oxide  into  Nitric  Acid. — Figure  91 
illustrates  dia grammatically  a  typical  plant  for  the  manufacture 
of  nitric  acid  from  air. 

A  pump,  A  (air  compressor),  delivers  air  to  the  electric 
furnace,  F,  from  which  the  escaping  mixture  of  air  and  NO  at 
1000°  passes  into  a  cooler,  C,  where  the  temperature  is  lowered 
to  500°.  The  gases  are  now  passed  under  steam  boilers,  B,  to 
generate  steam  for  use  in  the  plant,  and  are  thereby  still  further 
cooled.     The  reaction 

aN0+0r*aN0a 

now  takes  place  at  about  50°  in  the  vessel,  D,  tltere  being  a  large 
excess  of  O,  still  present.    The  absorption  tower,  T,  into  \ 
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base  of  which  the  gases  now  pass,  is  filled  with  pieces  of  quartz 
and  Is  supplied  with  a  stream  of  water  at  the  top.  Here  the 
reaction 

3N0,+ H,O*2HN0j+ NO 

lakes  place.  Nitric  add  is  drawn  off  at  the  base  of  the  lower, 
while  the  NO  and  air  pass  out  at  the  top.  The  escaping  NO  is 
tiotlost,  since  it  can  combine  with  more  Oj  to  form  NO,,  which  13 
also  converted  into  nitric  acid,  so  that  finally  all  NO  is  chuiiKL-d 
into  IIXOj.  Large  amounts  of  nitric  add  are  now  manufactured 
m  this  way. 

570.  The  Manufacture  of  Nitric  Acid  from  Ammonia. —The 
ronversion  of  NHj  into  HNOj  was  mentioned  in  the  foregoing 
diapter.  When  a  mixture  of  one  volume  of  Nil,  and  two 
Volumes  of  oxygen  or  ten  volumes  of  air  is  passed  over  a  gauze 
fffine  platiniun  wire  at  about  700"  the  following  reaction  takes 
I'bce: 

kNH,+  20,^HN0,+H,0. 
e  platinum  acts  catalytically,  and  the  speed  of  the  reaction  is 
peat  that  contact  with  the  gauze  for  o  01  second  is  sufhcient. 
Considerable  heat  is  given  out,  so  that  by  regulation  of  the  rate 
olflijw  of  the  gases  the  most  favorable  temperature  is  maintained, 
though  this  reaction  has  been  known  since  1830,  it  did  not 
nime  commercial  importance  until  after  cheap,  synthetic 
inonta  became  available.  Since  the  beginning  of  the  war  a 
[e  proportion  of  the  nitric  acid  required  by  Germany  ha*  been 
ttle  from  NHj  by  this  process,  A»  stated  in  the  foregoing 
ipter  (526).  an  immense  amount  of  nitric  add  will  1>e  made 
>t  the  new  Amencan  works  at  Muscle  Sboab,  AUI^iama,  from 
^,  made  by  the  cyanamid  procesft. 

571.  Uses  of  Rttric  Acid.  EipUwivM. — With  very  few  ex> 
s  all  practical  eq>losives  are  made  by  tbe  um  of  oitratcft, 
c  add.    Tbe  oldest  explosive  b  (inipovdcr  (now  better 

I  as  black  powder).    Tliis  b  a  mechanicaJ  mixture  ot 

U,  sulfur,  and  potassntm  nhrate.    Modcra  tXftMtwM  are 

y  tbe  action  of  nitric  add  00  varioiu  nbatascei,  Mdl  u 

L,  cottoQ,  pbenot.  tojaene,  etc    The  diemiitry  of  these 
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nitrated  substances,  all  of  which  are  carbon  compounds,  will  be 
considered  in  chapter  xxvi.  Suffice  it  to  say  here  that  without 
nitric  acid  we  should  have  no  modem  explosives,  and  without 
modern  explosives  present  forms  of  warfare  would  not  exist. 
We  should  also  remember,  however,  that  the  arts  of  peace  are 
quite  as  dependent  upon  explosives  as  are  those  of  war.  Modem 
methods  of  mining  and  quarrying  would  be  impossible  without 
explosives;  and  without  the  aid  of  these  marvelous  chemical 
products  the  Panama  Canal  could  not  have  been  dug. 

Nitric  acid  is  an  indispensable  reagent  in  the  manufacture 
of  most  artificial  dyes.    It  also  has  many  other  important  uses. 

572.  Gunpowder,  Black  Powder. — The  history  of  the  dis- 
covery of  gunpowder,  usually  ascribed  to  Roger  Bacon,  is  rather 
obscure.  Gunpowder  seems  first  to  have  been  used  in  cannon 
toward  the  end  of  the  thirteenth  century.  This  explosive  is 
a  black,  granular  substance,  composed  of  about  74  per  cent 
potassium  nitrate,  16  per  cent  charcoal,  and  10  per  cent  sulfur. 
In  making  gxmpowder  the  finely  powdered  components  are 
moistened  with  water,  and  the  mass  is  thoroughly  mixed.  The 
product  is  pressed  into  cakes;  these  are  dried  and  broken  into 
grains  of  suitable  size.  The  explosion  of  gunpowder  results  in 
the  change  of  KNO3,  S,  and  C  into  CO2,  SOa,  Na,  and  KaS.  Of 
the  products  all  but  the  potassium  sulfide  are  gases.  The  very  ^ 
large  volume  of  gases  formed  in  a  fraction  of  a  second  is  the  cause-^=^ 
of  the  result  which  we  call  an  explosion.  These  gases,  at  th< 
instant  of  their  liberation,  are  at  a  very  high  temperature  an( 
occupy  only  the  same  space  as  that  of  the  powder.  They  then 
fore  exert  an  enormous  pressure,  on  all  sides.  In  a  gun  the  pi 
jectile  is  shot  out,  while  the  gun  itself  recoils. 

573.  Anmionium    Nitrate    as    an    Explosive. — ^Ammoniimrrr^ 
nitrate,  NH4NO3,  is  a  very  important  explosive.    We  have  seei 
that  when  gently  heated  it  decomposes,  thus: 

NH4N03-»NaO+2HaO; 

but  when  heated  to  a  very  high  temperature  or  when  explode 
by  a  powerful  detonator  the  decomposition  is  more  complete: 

2NH4N03-»2Na+4HaO+Oa. 
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At  the  high  temperature  of  the  explosion  HjO  is  of  course  gaseous. 
A  detonator  is  a  substance  tliat  explodes  readily  and  produces  a 
abrp  shock  that  starts  the  explosion  of  a  large  quantity  of 
another  less  easily  exploded  substance.  Ammonium  nitrate  is 
not  easily  exploded.  It  may  therefore  safely  be  used  in  shells 
fired  from  cannon  without  risk  of  its  premature  explosion.  A 
lime  or  impact  detonator  is  required  for  such  shells.  Enormous 
quantities  of  NHjKOj  were  used  in  the  war. 

574.  The  Cycle  of  Mitrogen  in  Nature. — We  have  already 
learned  (511)  that  the  flesh  of  all  animals  is  made  up  of  com- 
pounds of  nitrogen  (with  carbon,  hydrogen,  and  oxygen  chiefly). 
Animals  cannot  derive  their  required  nitrogen  from  the  air  or 
Irom  any  of  the  simple  nitrogen  compounds  so  far  studied. 
Much  more  complex  nitrogen  compounds  (proteins)  are  required 
for  the  food  of  animals  (including  man).  These  nitrogenous 
animal  foods  are  obtained  from  the  flesh  of  other  animals  and 
from  plants,  particularly  cereals.  Plants  have  the  power  of 
building  up  proteins  from  simple  nitrogen  compounds,  such  as 
ammonium  salts  and  nitrates,  which  are  present  in  the  soil.  A 
small  group  of  plants  (especially  the  legumes:  clover,  alfalfa, 
r.)  can,  by  virtue  of  bacteria  that  infest  their  roots,  take  up 
nitrogen  and  convert  it  into  proteins.  All  other  plants 
ive  only  on  soils  containing  compounds  of  nitrogen.  Soils 
ient  in  combined  nitrogen  are  greatly  improved  in  fertility 
'the  application  of  ammonium  salts  or  of  nitrates  as  fertilizers. 
normal  times  about  three-fourtJis  of  all  ammonium  salts  and 
lilrates  used  in  America  are  employed  as  fertilizers.  A  large 
f^art  of  the  nitrogen  of  animal  food  is  eliminated  in  the  form  of  a 
'^ther  simple  substance,  urea,  CO(NH,)„  This  substance 
'Changes  slowly  into  CO,  and  NHj  by  the  action  of  water, 

J  C0(NH,),+H.0^C0.+  2NHi. 

rtta  itself,  as  well  as  NHj,  can  serve  as  plant  food. 
The  decay  of  animal  remains  and  refuse  results  in  the  change 
^  their  proteins  into  simpler  substances.    Ammonium  salts  are 
Srst  formed  and  later  are  oxidized  to  nitrates.    Thus  nitrogen 
i  nature  passes  through  an  endless  cycle  of  changes. 
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575.  The  Problem  of  the  Fixation  of  Nitrogen. — In  this. 
chapter  and  the  foregoing  chapters  we  have  tried  to  point  out 
the  practical  importance  of  the  compounds  of  nitrogen.  The 
abundance  of  food  is  determined  by  the  fertility  of  the  soil. 
Fertility  may  be  conserved  and  increased  by  means  of  nitrogenous 
fertilizers.  Aside  from  animal  refuse  and  manures  and  the 
ammonia  obtained  as  a  by-product  of  the  manufacture  of  gas 
and  coke,  the  great  deposits  of  sodium  nitrate  in  Chile  were 
until  recently  the  only  important  source  of  nitrogenous  fer- 
tilizers. These  deposits  are  by  no  means  inexhaustible.  Thej- 
may  last  one  hundred  years  at  the  present  rate  of  consumption. 
Fortunately,  within  the  last  twenty-five  years  several  methods 
have  been  developed  for  making  nitrogen  compounds  directly 
from  the  free  nitrogen  of  the  air.  Ail  such  methods  are  now- 
referred  to  as  processes  for  the  fixation  of  nitrogen.  We  havf 
at  present  three  successful  methods,  each  of  which  is  in  extensive 
use.  These  are:  (i)  the  making  of  nitric  acid  from  air  (566). 
{2)  the  making  of  cyanamid  from  calcium  carbide  and  atmos- 
pheric nitrogen  (526},  and  (3)  the  synthesis  of  ammonia  from 
hydrogen  and  atmospheric  nitrogen  {520).  We  have  also  seen 
that  ammonia  is  readily  made  from  cyanamid,  and  that  nitric 
acid  is  easily  produced  by  the  oxidation  of  ammonia  by  air. 
Since  the  nitrogen  contained  in  the  air  over  each  square  mile  of 
the  earth's  surface  amounts  to  nearly  20,000,000  tons,  the  supply 
may  be  said  to  be  inexhaustible. 

The  final  question  to  be  settled  before  deciding  upon  the 
practicability  of  any  technical  process  is  whether  it  is  eco- 
nomically sound;  in  other  words,  will  it  pay?  With  regard  to 
the  three  general  methods  of  fixing  nitrogen  above  mentioned, 
it  may  be  said  that  the  direct  manufacture  of  nitric  acid  from 
air  requires  exceedingly  cheap  electric  power.  The  other  two 
general  methods  can  be  used  where  power  is  more  expensive. 
At  present  all  three  processes  are  profitable.  Only  time  will 
decide  which  will  prove  most  economical.  In  any  case  we  may 
feel  satisfied  that  the  problem  of  the  fixation  of  nitrogen  has  been 
solved. 
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576,  Review. — We  have  already  had  some  experience  with 
the  chemistr)-  of  phosphorus  and  its  compounds,  The  burning 
of  the  free  element  was  used  to  show  the  presence  of  oxygen  in 
sir  (10),  In  chapter  ix  phosphoric  acid  and  some  of  its  salts 
tere  described  (158,  159).  The  importance  of  phosphates  for 
ihelife  of  plants  and  animals  was  pointed  out  {160),  and  their 
wiiicspread  distribution  in  nature  was  mentioned.  One  method 
of  preparing  free  phosphoric  acid  was  also  given.  In  chapter  xii 
(M7)  the  chemistry  of  phosphorus  was  continued  in  the  descrip- 
tim  of  the  union  of  phosphorus  with  the  halogens  to  form 
trivalent  and  pentavalent  phosphorous  compounds,  and  the 
factions  of  these  compounds  with  water  to  set  free  the  hydrogen 
lialides  ajid  an  oxygen  acid  of  phosphorus,  as  illustrated  by  the 
(oQoffing  typical  equations: 

PClj+3H,0->HjPOj+3HCI, 
PBri+4H,0->H3PO,+5HBr. 

In  chapter  xxii  the  powerful  dehydrating  property  of  the  pen- 
"iide  of  phosphorus  was  mentioned  in  the  formation  of  the 
■iiiiydride  of  nitric  add: 


3HN0,+  PA-^^HP0,+NA- 


(5SS) 


We  shall  now  take  up  a  systematic  study  of  the  element 
l'*^osj)horus  and  its  compounds. 

577.  The  Discovery  of  the  Element. — The  free  element, 
'^hifh  does  not  occur  in  nature,  was  discovered  by  Brandt,  of 
Hamburg,  sometime  before  1669.  In  searching  for  a  suitable 
^'Ivent  for  turning  silver  into  gold  he  was  led  to  ignite  a  mixture 
uf  dried  urine  and  charcoal  in  a  clay  retort.  Since  the  urine 
^fintained  phosphates  he  was  really  carrying  out  one  of  the 
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methods  now  in  use  for  preparing  free  phosphorus.  When  we 
have  studied  some  of  the  peculiarities  of  the  free  element  we  shall 
realize  what  a  stir  this  new  substance  must  have  made  in  the 
thinking  world  of  that  day.  Historians  record  with  unction 
that  Kraft,  who  purchased  the  secret  of  its  preparation  from 
Brandt,  exhibited  it  before  many  of  the  crowned  heads  of  Europe. 

578.  The  Physical  Properties  of  White  Phosphorus.— At 
ordinary  temperatures  the  free  element  in  pure  form  is  a  white, 
waxy,  translucent  solid  of  specific  gvavity  1.8.  It  does  not  con- 
duct electricity.  It  is  usually  Itept  under  water,  since  when  it 
is  exposed  to  air  it  soon  takes  fire.  At  ordinary  temperatures 
the  solid  is  slightly  volatile.  Calculations  made  from  the  density 
of  the  vapor  show  that  it  has  a  formula  of  P^  at  temperatures  up 
to  1 .500".  It  melts  at  45"  and  boils  at  287°.  It  is  not  soluble  in 
water  but  is  readily  soluble  in  many  solvents,  such  as  carbon 
disulfide,  turpentine,  olive  oil,  and  many  of  its  own  compounds. 
The  so-called  yellow  phosphorus  of  commerce  is  white  phos- 
phorus made  yellow  by  the  presence  of  impurities. 

579.  The  Conversion  of  White  Phosphorus  into  Red  Phos- 
phorus.— When  white  phosphorus  is  exposed  to  light  it  darkens 
in  color,  owing  to  the  formation  of  a  new  form  called  from  its 
color  red  phosphorus.  Samples  of  white  phosphorus  which  have 
been  kept  for  some  time  show  a  coating  of  this  substance.  At 
higher  temperatures  the  change  from  white  to  red  goes  on  more 
rapidly.  It  can  be  hastened  also  by  the  presence  of  a  trace 
of  iodine,  which  acts  as  a  catalyzer. 

580.  The  Manufacture  of  Phosphorus. — Though  some  phos- 
phorus is  manufactured  from  bone  ash,  most  of  it  is  prepared 
from  phosphate  minerals.  The  principal  materials  are  phos- 
phate rock  and  apatite.  The  first  varies  in  composition  from 
CajCPOJ,  to  the  composition  of  apatite,  Caj(PO,)iCaFj,  or 
Caj(PO,),Caa. 

The  most  widely  used  method  of  making  phosphorus  con- 
sists in  heating  a  mLiture  of  sand,  phosphate  rock,  and  charcoal 
to  high  temperatures  in  an  electric  furnace,  so  designed  that  the 
phosphorous  vapor  distils  off  and  condenses  under  water.  The 
residual  materials  of  the  reaction  are  withdrawn  from  time  t 
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nc,  and  new  mixtures  are  put  in  in  a  continuous  process.  The 
equation  of  the  reaction  follows: 

aCa3{PO,),+6SiO,+  ioC-^6CaSiOj+ioCO+P,. 

i^ed  phosphorus  is  made  on  a  commercial  scale  by  heating 
yellow  phosphorus  in  the  absence  of  air. 

581.  The  Properties  of  Red  Phosphorus. — Although  red 
phosphorus  is  often  given  the  title  amorphous  phosphorus,  which 
means  that  it  is  without  crystalline  form,  it  is  really  a  crystalline 
powder.  Its  specific  gravity  is  2.1.  Commercial  red  phos- 
phonis  often  contains  among  other  impurities  small  traces  of 
jdlow  phosphorus  and  some  phosphoric  acid.  It  is  on  this 
iccount  sticky  and  hygroscopic  (water-absorbing),  although  if 
free  from  these  impurities  it  is  a  dry  powder  quite  insoluble  in 
water  and  also  in  most  other  solvents.  It  has  far  greater  stabihty 
'han  white  phosphorus,  as  is  evidenced  by  the  fact  that  it  must 
tie  hrdted  to  240°  before  it  will  take  fire  in  air,  and  that  it  may 
be  kept  in  contact  with  the  latter  at  ordinary  temperatures  for 
vears  without  alteration.  If  pure  it  is  non-poisonous.  It  is 
lor  these  reasons  to  be  preferred  to  white  phosphorus  in  all 
laboratory  experiments  in  which  the  substitution  can  be  made. 
The  chemistry  of  red  phosphorus  parallels  that  of  yellow  phos- 
phorus, but  in  every  case  the  reactions  are  less  violent. 

583.  Allotropic  Forms. — White  and  red  phosphorus  are  called 
«!iotiopic  fonns  of  phosphorus.  The  noun  allotropy  translated 
rncans  simply  "other  modes."  We  shall  find  many  examples  of 
elements  which  exist  in  more  than  one  form.  We  have  already 
met  ordinary  oxygen  and  ozone  (316),  allotropic  forms  of  the 
ame  element.  We  found  that  these  two  forms  differed  from 
"^■ich  other  in  the  number  of  atoms  and  in  the  energy  content  of 
'tie  molecule.  The  same  causes  undoubtedly  account  for  the 
'Julerenccs  in  the  two  forms  of  phosphorus. 

583.  The  Slow  Oxidation  of  Phosphorus. — If  white  phos- 
piiorus  is  exposed  to  moist  air  the  heat  given  out  by  its  oxidation 
"ill  «lowly  raise  its  temperature  to  the  melting-point,  and  it  then 
i4cs  fire.  It  is  this  fact  that  makes  the  storage  of  white 
iphorus  under  water  necessary. 
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If  a  stick  of  moist  phosphorus  is  viewed  in  the  dark  it  is  seea- 
to  give  out  a  soft,  yellow  light.  It  is  from  this  property  that 
the  element  received  its  name,  which  means  "bearer  of  light." 
We  can  imagine  what  an  interest  the  discovery  of  this  substance- 
aroused  in  a  superstitious  age !  The  appearance  of  this  light  is. 
apparently  due  to  the  slow  oxidatioa  which  is  in  progress;  for  if 
conditions  are  such  that  oxidation  cannot  occur,  no  light  is 
given  out  by  the  phosphorus.  The  light  is  simply  a  part  of  the 
energy  of  the  reaction,  which  appears  in  this  unusual  form 
instead  of  as  heat. 

584.  Phosphorescence.— ^When  light  is  given  off  by  bodies  at 
ordinary  temperatures  they  are  said  to  phosphoresce,  and  the 
process  is  called  phosphorescence.  But  the  same  phenomenon 
is  shown  by  substances  other  than  phosphorus.  Moist,  decaying 
wood  often  glows  in  the  dark  as  the  result  of  the  liberation  of 
energy  in  the  form  of  light.  The  so-called  fox  fire  seen  in 
forests  after  night  Is  an  example.  We  have  another  case  in  the 
process  by  which  the  firefly  gives  out  hght  from  parts  of  the 
surface  of  its  body.  All  our  processes  of  making  light  are  very 
wasteful,  since  high  temperatures  must  be  maintained,  and  so 
most  of  the  energy  used  must  go  into  heat,  and  only  a  small 
portion  is  changed  into  light.  Hence  the  process  by  which  the 
firefly  gives  out  light  at  the  temperature  of  its  body  is  indeed 
marvelous,  and  its  imitation  has  been  the  despair  of  scientists 
for  generations, 

585.  Danger  in  the  Use  of  White  Phosphorus. — In  conclusion 
it  should  be  especially  emphasized  that  white  phosphorus  is  a 
very  dangerous  reagent.  It  should  never  be  touched  by  the  hands 
directly,  since  it  sticks  to  the  skin  and  the  heat  of  the  hand  is 
sufficient  to  ignite  it. 

586.  Matches. — On  account  of  the  serious  harm  to  workers 
with  yellow  phosphorus,  by  reason  of  poisonous  vapor,  the  mak- 
ing of  yellow-phosphorus  matches  has  been  made  illegal  in  ali 
the  great  countries  of  the  world.  These  matches  were  at  one 
time  very  popular  because  of  their  easy  ignition.  Matches  are 
now  made  with  red  phosphorus,  phosphorus  sulfide,  P^SJ,  or 
other  non-poisonous  compounds  of  phosphorus.    The  ordinary 
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jinalch  is  a  stick  of  non-resinous  wood  dipped  first  in  paraffin 
id  then  in  a  preparation  to  make  the  ignition  head.     The  latter 
usually  a  mixture  of  a  good  oxidizing  material  like  lead  dioxide 
potassium  chlorate  and  a  reducing  agent  such  as  red  pbos- 
■ms  or   phosphorus   sulfide.     With   these   is  mixed  some 
'dered  glass  to  increase  the  friction  when  the  match  is  struck. 
material  of  the  head  is  kept  in  place  by  glue  or  varnish. 
:lioQ  starts  the  action  between  the  oxidizer  and  the  reducer, 
the  heat  of  this  reaction  kindles  the  paraffin,  which  in  turn 
kindles  the  wood.    The  heads  of  safety  matches  are  made  of  less 
easily  reacting  mixtures,  usually  sulfur  and  potassium  chlorate. 
ITiey  are  ignited  by  striking   on   a   prepared  surface  coated 
with  red  phosphorus,  antimony  trisulhde,  and  glue.     Match 
sticks  are  often  treated  with  phosphoric  acid  or  sodium  phosphate 
loprevent"aftcrglow,"  the  formation  of  glowing  coals  of  char- 
coal after  the  flame  of  the  match  has  been  blown  out. 

587.  Smoke  Screens. — A  new  use  for  phosphorus  was 
developed  during  the  war.  It  was  discovered  that  the  most 
effective  smoke  screens  for  concealing  troop  movements  were 
produced  by  means  of  burning  phosphorus.  The  explosion  of 
shells  filled  with  phosphorus  ignited  the  latter,  which  burned  to 
give  dense  white  clouds  of  the  pentoxide,  PjOj,  Large  quantities 
of  phosphorus  were  used  for  this  purpose. 

588.  Compounds  of  Phosphorus. — Phosphorus  forms  com- 
pounds with  many  elements.  With  hydrogen  it  unites  to  form 
sn-eral  hydrides.  Of  these,  phosphine,  PHj,  has  been  of  particu- 
lar interest,  ^nce  it  apparently  resembles  ammonia.  It  is  a 
poisonous,  ill-smelling  gas,  little  soluble  in  water,  but  like  am- 
Dioaia  it  unites  with  acids  to  form  salts,  though  far  less  readily. 
I'ur  instance,  phosphine  and  hyilrogcn  thluriiie  unite  at  low 
temperature  to  form,  a  cloud  of  solid  phosphomum  chloride: 


PHj-l-HCl^PH,Cl. 


Some  of  the  halogen  compounds  of  phosphorus  have  been 
*!rrady  studied.  These  are  very  important  substances  used  to 
'VQthesize  many  valuable  halogen  compounds.  The  formation 
;f  hydrogen  bromide  or  hydrogen  iodide  by  the  action  of  water 
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on  the  tribromide  or  the  tri-iodide  is  typical  of  these  important 
reactions  and  should  be  reviewed  (256,  264). 

With  oxygen,  phosphorus  unites  to  form  P,Oj,  P,0<,  and 
PjOj,  respectively.  The  first  two  are  formed  when  phosphorus 
burns  in  a  poor  supply  of  oxygen;  the  last  is  formed  when  the 
burning  takes  place  in  an  excess  of  oxygen.  All  three  are  white 
hygroscopic  solids. 

Phosphorus  triozide  unites  with  cold  water  to  form  phos- 
phorous acid: 

The  latter  is  a  very  unstable  add.  When  the  solution  is 
heated  some  of  the  molecules  of  the  acid  are  oxidized  to  phos- 
phoric acid  at  the  expense  of  others,  which  are  reduced,  forming 
phosphine. 

Phosphorus  pentoxide  unites  with  water  with  great  vigor, 
forming  first  metaphosphoric  acid,  HPO3.  The  stability  of  this 
acid  and  the  completeness  of  the  reaction  make  phosphorus 
pentoxide  our  most  effective  drying  agent.  The  last  traces  of 
moisture  are  taken  from  air  exposed  to  this  oxide. 

585.  The  Phosphoric  Acids. — When  phosphorus  pentoxide 
is  thrown  into  water  spattering  is  likely  to  occur  because  of  the 
heat  given  out  in  the  formation  of  metaphosphoric  acid: 

HsO+PA-aHPOj. 

The  excess  water  may  be  evaporated,  leaving  the  pure  acid,  a 
colorless,  glassy  solid.  It  changes  to  orthophosphoric  acid, 
H3PO4,  if  it  is  kept  a  long  time  in  water  solution.  The  change 
may  be  carried  out  in  the  course  of  an  hour  if  the  metaphos- 
phoric acid  solution  is  mixed  with  a  strong  acid  and  heated  on 
the  water  bath: 

HPOj+H^O^HjPO,. 

The  action  is  hastened  by  the  catalytic  action  of  the  hydrogen 
ion  of  the  strong  acid. 

590.  The  Properties  of  Orthophosphoric  Acid. — Orthophos- 
phoric acid,  usually  called  simply  phosphoric  acid,  forms  color- 
less, odorless  crystals,  which  are  deliquescent  and  very  soluU 
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I  is  water.  The  add  is  usually  sold  in  the  form  of  a  concentrated 
ijolution  of  sinipy  consistency.  Its  dilute  solution  has  an  agree- 
■ible  sour  taste  and  is  not  poisonous.  This  acid  cannot  be 
aidized  and  is  very  stable  toward  most  reducing  agents.  It  is 
il moderately  strong  acid  (409);  but  since  it  is  tribasic  (159)  we 
11  consider,  in  some  detail,  in  a  separate  section,  its  interesting 
*niaie  of  ionization. 

Orthophosphoric  acid  is  not  volatile.    For  this  reason  It 
reacts  at  elevated  temperatures  with  salts  of  volatile  acids  like 
ttblorides.  bromides,  and  nitrates  to  form  phosphates  and  to  set 
» the  volatile  acids.     For  example, 

H,PO^+ NaBr-^NaH,P04-|- HBr. 

U'hen  phosphoric  acid  is  heated  to  2io''-2i5''  in  an  open  vessel 
(or  about  an  hour  it  is  converted,  by  slow  loss  of  water,  into 
Pyropbosphoric  acid,  H^PjO,: 

2H,P0,^H,P,0,+H,0. 

If  the  beating  is  continued  longer  and  the  temperature  is  raised 
10400"  or  higher,  the  product  slowly  loses  more  water,  giving 
ll^lly  metaphosphoric  acid,  HPO]: 


H^PA-^'HPOj+HA 


■  nnal 

^BWelaphospboric  acid  volatilizes  slowly  at  a  red  heat  (700°-8oo°). 
H  591.  The  Preparation  of  Phosphoric  Acid.— Phosphoric  acid 
I  IS  easily  made  in  the  laboratory  by  boiling  red  phosphorus  with 
<^iincentrated  nitric  acid.  (Caution!  White  phosphorus  must 
not  be  used.)  The  ensuing  reaction  produces  red  fumes  of 
nitrogen  tetroxide,  NOj,  and  gives  finally  a  colorless,  sirupy 
^lulion,  from  which  the  excess  of  HNOj  can  be  removed  by 
''rating,  since  HNO,  is  easily  volatile,  while  HjPO,  is  not. 
incomplete  oxidation  gives  more  or  less  phosphorous  acid, 
H,POj.  The  latter  is  readily  oxidized  to  H,POj  by  sufficient 
Wling  nitric  add. 

Phosphoric  acid  is  made  commercially  by  the  double  decom- 
["isition  of  calcium  phosphate  and  sulfuric  acid  (158)  and  sub- 
'■<-i]\KRt  purification  of  the  product.     The  crude  acid  is  very 
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likely  to  contain  magnesium  and  calcium  salts  and  also  3ome 
arsenic  acid,  H3ASO4,  the  first  coming  from  the  rock  used  and 
the  second  mostly  from  the  add  employed,  though  sometimes 
from  the  rock  as  well. 

592.  Ionization  of  Phosphoric  Acid. — ^According  to  the  ionic 
theory  phosphoric  add  dissodates  as  follows: 

H3P04^H++H,P04-, 
H,P04-  ±5H+ +HPO4-  -, 
HPO4— ^H++P04 . 

In  a  water  solution  equilibrium  is  established  between  the  three 
pairs  of  opposed  reactions,  and  each  equilibrium  is  dependent 
on  the  other  two.  In  all  cases  of  this  kind  the  first  dissociation 
goes  on  to  a  greater  degree  than  the  second,  the  second  to  a 
greater  degree  than  the  third,  etc.  In  a  solution  of  phosphoric 
acid  containing  one- tenth  formula  weight  per  liter  at  18®  the 
total  concentration  of  hydrogen  ion  is  0.0282  and  that  of  the 
primary  phosphate  ion,  H2PO4",  virtually  the  same;  the  con- 
centration of  the  secondary  phosphate  ion,  HaP04  ,  is 
calculated  to  be  0.0000002,  while  that  of  the  phosphate  ion, 
PO4        ,  is  very  much  smaller. 

It  is  important  that  we  understand  that,  inasmuch  as  H2PO4' 
and  HPO4  both  dissodate  to  give  hydrogen  ion,  they  are  acids, 
just  as  is  phosphoric  acid  itself.  Since,  however,  their  degrees  of 
dissociation  are  far  less  than  that  of  phosphoric  acid,  even  at 
greater  dilutions  they  are  far  weaker  acids.  Obviously  HPO4"" 
is  much  weaker  than  H2PO4".  These  acids  are  furnished  by 
the  soluble  and  highly  ionized  salts  NaH2P04  and  Na2HP04  as 
a  result  of  their  ionization: 

NaH,P04±5Na++H,P04-, 
Na,HP04±*2Na++HP04~. 

593.  Phosphate  Baking  Powder. — ^The  ion  HaP04~  is  a  weak 
add  of  about  the  same  strength  as  carbonic  acid,  but  it  has  an 
advantage  over  the  latter  in  being  more  stable  in  water  solution. 
As  a  result,  when»water  is  added  to  a  mixture  of  sodiimi  hydrogen 
carbonate,  NaHCO,,  and  sodium  add  phosphate,  NaHaP04,  wc 
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get,  as  we  expect,  an  effervescence  due  to  the  escape  of  carbon 
dioxide  from  the  solution  of  carbonic  acid  formed.  Thanks  to 
the  escape  of  the  gas  the  action  becomes  complete: 

NaHCOi+ NaH=PO,  ^  Na,HPO.+ H,0+ CO.. 

This  is  the  reaction  made  use  of  in  phosphate  baking  powders. 
The  essential  ingredients  are  sodium  bicarbonate  and  an  acid 
phosphate  which  may  be  the  sodium,  calcium,  or  magnesium 
vili,  or  mixtures  of  them,  together  with  some  inert  material, 
Ah  as  starch,  which  serves  as  a  dilutent.  When  water  is  added 
'"  the  mixture  of  the  dry  salts  and  flour  the  tiny  bubbles  of 

»n  dioxide  given  off  make  the  dough  spongy. 
P51M.  The  Phosphates.    The  Sodium  Salts.^Primai7  sodium 
iphate,  or  sodium  acid  phosphate,  NaH,POj,  is  prepared  in 
■tion  by  adding  one  molecular  weight  of  sodium  hydroxide 
,"  molecular  weight  of  phosphoric  acid: 

H,PO^+ NaOH-*NaH,P04+H,0. 

:  NaHjFO,  alone  forms,  and  not  a  mixtiu'e  of  the  three 
possible  phosphates,  we  can  understand  if  we  remember  that  the 
*«'ondary  and  tertiary  salts  are  salts  of  weaker  acids  than 
H,PO^;  and  so  if  momentarily  formed  they  would  undergo 
tiouble  decomposition  with  unused  phosphoric  acid  to  form 
NaHiPO,.  A  solution  of  NaHjPO^  is  acid  to  litmus,  as  we  would 
ect  from  the  presence  of  the  acid  HjPO^". 
Common  sodium  phosphate,  NajHPO^,  the  secondary  salt, 
pared  by  adding  two  molecular  weights  of  sodium  hydroxide 
Wtveij-  molecular  weight  of  phosphoric  acid  in  solution.  Solu- 
'wns  of  secondary  sodium  phosphate  are  alkaline  to  litmus, 
wing  to  a  slight  hydrolysis  (436). 

HPO,~~  is  so  weak  an  acid  that  when  three  molecules  of 
*odium  hydroxide  are  furnished  for  every  molecule  of  phosphoric 
sdd  in  solution  the  action  is  far  from  complete,  and  we  have  only 
*finaU  part  of  the  possible  Na^POj  formed  when  equiUbrium  is 
'stablished.  However,  we  can  force  the  reaction  to  yield  the 
i  salt  by  evaporaUng  off  the  water,  or  better  by  furnishing 
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a  very  large  excess  of  sodium  hydroxide  and  then  evaporating 
the  water.  In  either  case  the  tertiary  or  normal  sodiimi  phos- 
phate will  separate  from  solution.  As  we  would  expect,  if  we 
redissolve  this  salt  we  get  back  the  same  solution  made  originally, 
and  we  find  that  as  a  result  of  the  hydrolysis  involved  the  solution 
is  strongly  alkaline. 

As  solids,  all  three  salts  are  white  crystalline  substances  and 
are  hydrated  as  indicated  by  the  following  formula: 

NaHaP04-4HaO;  NaJIP04-i2HaO;  Na3P04-i2HaO. 

When  heated  the  primary  and  secondary  salts  both  give  off 
water  and  form  sodiimi  metaphosphate  and  pyrophosphate 
respectively.    The  tertiary  phosphate  remains  imchanged: 

NaHaP04->NaP03+HaO, 
2NaaHP04->Na4PA+HaO. 

595.  The  Titration  of  Phosphoric  Acid,  Normal  Solution.— 
If  phenolphthalein  is  used  as  the  indicator  and  phosphoric  acid 
is  titrated  with  sodium  hydroxide  (137),  the  color  change  of  the 
indicator  will  be  observed  when  two  formula  weights  of  sodium 
hydroxide  have  been  added  for  every  formula  weight  of  the  acid. 
This  is  the  point  at  which  the  acid  has  been  changed  to  the 
secondary  salt,  Na2HP04.  Therefore  a  liter  of  a  solution  of 
phosphoric  acid  which  contains  one-half  formula  weight  of  the 
acid  will  neutralize  one  liter  of  a  normal  sodium  hydroxide  solu- 
tion and  has  the  same  neutralizing  power  as  have  solutions  of 
hydrochloric  acid  or  nitric  acid  which  contain  one  formula 
weight  of  the  acid  per  liter  respectively,  or  of  sulfuric  add  which 
contain  one-half  formula  weight  of  the  acid  per  liter.  A  half 
molar  solution  of  phosphoric  acid  is  therefore  a  normal  solution 
of  the  latter. 

596.  The  Bead  Test. — Sodium  metaphosphate  is  much  used 
in  analytical  chemistry  for  the  so-called  metaphosphate  bead 
tests.  The  bead  tests  are  carried  out  by  first  fusing  micro- 
cosmic  salti  sodium  ammonium  hydrogen  phosphate,  on  the 
end  of  a  platinum  wire.     This  salt,  which  is  used  because  it 
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is  easily  prepared  in  pure  form,  decomposes,  giving  sodium 
metapbosphate  as  (oUow^: 

NaNH4HP0,^NaP0,+ H,0+ NHj. 

Then  a  Uny  ^eck  of  the  material  to  be  tested  is  picked  up  on  the 
bead  and  fused  into  it.  Salts  of  "metals  fuse  into  the  bead, 
fonning  phosphates,  which  often  are  characteristically  colored 
md  thus  indicate  the  metal  present  in  the  original  substance. 
Presumably  the  salt  of  the  metal  first  forms  an  oxide  and  then 
unites  with  the  metaphosphate  to  form  an  orthophosphate,  a 
reaction  which  is  really  a  reverse  of  the  formation  of  the  mela- 
pliosphate  from  the  orthophosphate  described  above.  For 
ifisLince,  copper  oxide  would  be  dissolved,  forming  sodium 
copper  phosphate,  thus: 

■  CuO+NaPO,-^NaCuPO,. 

VS97.  QualitatiTe  Tests  for  Phosphates. — Phosphates  are 
^Mlly  tested  for  by  the  formation  of  yellow  ammonium  phos- 
phomolybdate,  {i\Hj3pO«iiMo036H,0,  wluch  is  insoluble  in 
ttitric  acid  solution.     As  the  formula  indicates,  the  successful 

Kion  of  this  test  necessitates  an  enormous  excess  of  the 
t  ammonium  molybdate. 
ing  to  the  fact  that  solutions  of  the  metaphosphates  and 
pyrophosphates  are  stable  and  only  form  the  orthophosphate 
alter  the  lapse  of  considerable  time,  unless  they  are  heated  with 
Wrong  adds,  it  is  desirable  to  be  able  to  distinguish  between 
tlie  three  binds  of  phosphates.  This  is  done  on  the  basis  of  the 
fact  that  silver  orthophosphate,  AgjPOj,  is  insoluble  in  water 
did  yellow,  *hereas  the  other  silver  phosphates,  AgPO^  and 
^B]Ot,  though  also  insoluble,  are  white.  The  metaphosphate 
Hntinguisbed  from  the  pyrophosphate  by  the  fact  that  the 
h5  acid  which  can  be  made  from  the  salt  will  coagulate  albumen, 
Commonly  known  ift  the  form  of  white  of  egg,  while  pyrophos- 
pliOric  acid  will  not.  As  a  matter  of  fact  this  test  distinguishes 
petaphosphoric  acid  from  the  orthophosphoric  acid  as  well. 
.  Use  and  Production  of  Phosphates. — Phosphates  and 
bboric  acid  are  used  extensively  in  medicine,  but  the  great 
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bulk  of  the  phosphate  production  supplies  the  match  industr] 
and  the  still  greater  demands  of  agriculture. .  The  meeting  o 
the  latter  need  is  of  incalculable  importance,  since  the  phos 
phate  taken  from  the  land  by  the  crops  must  be  put  back  or  th 
soil  will  become  sterile.  The  natural  phosphates  are  mined  oi 
an  enormous  scale  either  for  direct  use  as  fertilizer  or  for  th 
production  of  superphosphate  (x6o),  to  be  used  for  the  sam 
purpose. 


CHAPTER  XXIV 

SULFOR  AND  ITS  COMPOUNDS 

.  Introduction. — Many  isolated  cases  of  the  use  of  sulfur 
inds  have  already  been  encountered.  Some  of  the 
properties  of  sulfuric  acid  were  given  (93),  and  in  subsequent 
work  its  use  was  described  in  the  preparation  of  hydrochloric 
(103),  nitric  (104),  and  phosphoric  (158)  acids,  and  also  in  the 
making  of  many  sulfates  and  acid  salts.  Hydrogen  sulfide  was 
used  as  a  reducing  agent  (335),  the  most  important  instance 
Iwing  the  preparation  of  hydrogen  iodide  by  the  action  of 
iqueous  hydrogen  sulfide  upon  iodine.  Sulfurous  acid  was  also 
shoum  to  be  a  reducing  agent  because  of  its  easy  oxidation  to 
sulfuric  acid  (340).  As  a  matter  of  fact,  so  commonly  are  these 
and  other  sulfur  reagents  used  by  chemists,  because  of  their 
theapness  and  wide  range  of  adaptability,  that  they  may  be 
counted  among  the  most  important  tools  of  the  trade.  It  is 
therefore  from  the  point  of  view  of  possessing  ourselves  of  a 
Working  knowledge  of  these  important  reagents  that  we  are 
next  to  undertake  the  further  study  of  sulfur  and  its  com- 
pounds. 

600.  The  Physical  Properties  of  Sulfur.— The  commonest 
form  of  free  sulfur  is  called  rhombic  sulfur  from  the  shape  of  its 
"JJstals.  It  is  light  yellow  in  color,  not  soluble  in  water,  slightly 
soluble  in  alcohol  or  ether,  but  very  soluble  in  some  of  its  own 
rompounds,  such  as  carbon  disulfide,  CS,  (546).  Another  form 
of  sulfur,  monoclinic  sulfur,  which  is  also  named  from  the  shape 
of  its  crystals,  has  the  same  color  as  rhombic  sulfur  and  is 
Soluble  in  the  same  solvents  but  to  a  different  degree.  At  95^ 
the  so-called  transition  point,  these  two  forms  of  sulfur  can  exist 
'1  contact  with  each  other,  just  as  ice  and  water  can  at  o".  If 
the  mixture  of  the  two  forms  is  heated  above  95°,  all  the  rhombic 
sulfur  becomes  monoclinic  sulfur.  On  the  other  hand,  if  the 
"tixture  is  cooled  below  95°  all  the  monoclinic  sulfur  changes  to 
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rhombic  sulfur.  If  the  monoclinic  sulfur  is  cooled  quickly  to 
room  temperature  the  change  to  rhombic  sulfur  goes  on  very 
slowly,  just  as  the  change  of  white  to  red  phosphorus  goes  on 
slowly  at  ordinary  temperatures,  though  it  is  rapid  at  higher 
temperatures.  It  is  not  possible  to  heat  a  solid  substance  above 
its  melting-point  without  melting  it,  but  it  is  possible  to  heat  a 
solid  above  its  transition  point  to  another  solid  form  and  to 
determine  the  melting-point  of  the  first  form,  provided  the  opera- 
tion is  carried  on  very  rapidly.  In  this  way  it  has  been  found 
that  rhombic  sulfur  melts  at  114°.  Monoclinic  sulfur  melts 
at  119". 

Still  another  form  of  sulfur,  plastic  sulfur,  is  prepared  by 
heating  sulfur  to  its  boiling-point  and  then  pouring  it  into  cold 
water.  Sulfur  so  treated  is  a  plastic  solid,  dark  amber  in  color, 
and  when  free  from  rhombic  sulfur,  which  may  be  formed  with 
it,  it  is  insoluble  even  in  carbon  disulfide.  In  time  it  changes  to 
rhombic  sulfur. 

With  rising  temperature  molten  sulfur  is  at  first  a  mobile. 
straw-colored  liquid,  but  at  about  160°,  curiously  enough,  it 
becomes  dark  brown  and  extraordinarily  viscous.  But  when  its 
temperature  has  reached  260°,  its  color  becomes  a  yellow  red. 
and  its  viscosity  again  decreases.  These  changes  are  due  to  the 
formation  of  allotropic  liquid  forms.  This  is  the  first  case  of  the 
kind  which  wt;  have  encountered, 

601.  Chemical  Properties  of  Sulfur. — Sulfur  unites  chemi- 
cally with  most  metals  and  non-metals.  Thus  it  not  only  forms 
sulfides  of  metals,  but  it  also  forms  oxides,  chlorides,  bromides, 
phosphides,  etc.  For  example,  when  it  is  rubbed  together  with 
mercury,  black  mercuric  sulfide  forms:  -^m 

Hg+S^HgS.  H 

If  sulfur  is  heated  with  iron,  the  reaction  to  form  ferrous 
sulfide  begins  and  soon  gives  out  enough  heat  to  raise  the  whole 
mass  to  incandescence  (339).  The  oxides  of  sulfur  are  of  such 
importance  that  their  chemistry  will  be  described  later  in  detail. 
Chlorine  passed  over  melted  sulfur  forms  sulfur  monochloride^ 
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SjCli,  The  latter  substance,  which  is  a  liquid  at  ordinary 
temp>erat\ires,  is  an  important  solvent  for  sulfur.  It  has  been 
produced  in  enormous  quantities  for  the  preparation  of  the 
terrible  mustard  gas  (695). 

602.  The  Sources  of  Sulfur. — Sulfur  is  found  in  large  deposits, 
supposedly  of  volc£inic  origin,  in  Sicily,  Japan,  and  elsewhere. 
Of  these  deposits,  those  of  Sicily  supplied  most  of  the  world's 
trade  up  to  1904,  At  that  time  two  mines  in  Louisiana  and  one 
in  Texas  became  of  tremendous  importance,  owing  to  the  develop- 
ment of  the  Frasch  process  of  getting  out  the  sulfur.  The 
deposits  now  being  mined  there  are  several  hundred  feet  below 
the  surface.  Iron  pipes  are  driven  down  into  the  beds,  and 
superheated  steam  is  forced  down  to  melt  the  sulfur,  which 
collects  in  a  pool  at  the  end  of  the  pipe.  From  this  pool  it  is 
forced  to  the  surface  by  compressed  air.  Single  wells  deliver 
per  day  as  much  as  four  hundred  to  five  hundred  tons  of  sulfur, 
((9.5  per  cent  pure,  and  keep  it  up  for  months  at  a  time.  The 
sulfur  issuing  at  the  surface  is  piped  into  bins,  where  it  is  spread 
out  in  thin  layers,  which  immediately  solidify.  In  this  way  great 
blocks  of  sulfur  are  built,  sometimes  as  much  as  150  feet  wide, 
250  feet  long,  and  60  feet  high.  The  greater  part  of  the  sulfur 
carried  to  the  coast  from  the  mines  is  transported  in  dump- 
bottom  cars,  much  as  coal  is  transported. 

A  very  considerable  quantity  of  sulfur  is  produced    as  a 
product  of  other  industries. 

603.  Rock  or  RoU  Sulfur,  Flowers  of  Sulfur. —Sulfur  from 
the  mines  or  industry  is  called  roll  or  rock  sulfur.  Sometimes 
the  vapor  of  sulfur  is  quickly  cooled  to  produce  a  powder  called 

Qowers  of  sulfur.     It  is  usually  contaminated  with  traces  of 
sulfurous  and  sulfuric  acid. 

604.  Commercial  Importance  of  Sulfur. — One  of  the  very 
strikingly  important  uses  of  sulfur  is  found  in  the  process  of 
'Vulcanizing  rubber.  Experts  tell  us  that  without  sulfur  there 
■Vvould  be  no  rubber  industry  worthy  of  the  name.     It  seems  that 

ide  rubber  is  stiff  and  hard  at  the  temperature  of  ordinary 

ter   weather,  and   at   moderate   summer  heat  it   becomes 

Very  sticky.      But  after  vulcanizing,  a  treatment  with  sulfur, 
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commonly  as  vapor  or  with  antimony  sulfide  (red  rubber),  it 
gains  greatly  in  strength  and  elasticity  and  becomes  remarkably 
indifferent  to  heat. 

Free  sulfur  is  an  important  constituent  of  many  germicide 
and  of  many  fimgicide  mixtures.  Finely  divided  sulfur  is 
dusted  on  vines  and  hops.  Before  the  war  Europe  used  more 
than  one  himdred  thousand  tons  per  amumi  for  this  purpose 
alone.  Some  sulfur  is  used  in  making  gunpowder,  the  so-called 
"black  powder."  Enormous  quantities  of  sulfur  are  used  to 
make  sulfur  compoimds  such  as  sulfur  dioxide,  sulfites,  sulfuric 
acid,  carbon  disulfide,  and  a  host  of  other  important  sub- 
stances. Before  the  war  the  annual  consumption  of  sulf ur  ia 
the  United  States  was  about  three  himdred  thousand  tons,  but 
during  the  war  it  was  reported  to  be  as  high  as  nine  hundred 
thousand  tons. 

605.  Hydrogen  Sulfide. — ^The  important  reagent  hydrogen, 
sulfide  will  have  been  used  in  the  laboratory  by  the  time  th^ 
work  has  been  carried  to  this  point.  A  brief  description  of  its. 
physical  properties  and  chemistry  has  already  been  given  (339)- 
Usually  generators  of  this  gas  are  available  in  every  laboratory.^ 
Many  special  types  have  been  designed,  but  in  principle  thejr 
are  much  like  the  hydrogen  generators  already  described  im 
294.  Ferrous  sulfide  and  hydrochloric  acid  are  almost  uni— 
versally  used  to  charge  them. 

Hydrogen  sulfide  burns  in  air  to  form  water  and  sulfur 
dioxide.    If,  however,  the  flame  is  allowed  to  play  on  a  cool 
surface  it  deposits  sulfur.    Either  as  a  gas  or  dissolved  in  water 
it  is  a  very  powerful  poison,  small  doses  causing  insensibility  or 
even  death.    Fortunately  its  very  bad  odor  warns  of  its  presence, 
so  that  it  can  usually  be  avoided. 

606  •  Water  Solution  of  Hydrogen  Sulfide.  Hydrosul- 
furic  Acid.  One  volume  of  water  at  0°  dissolves  eighteen  vol- 
umes of  the  gas,  but  only  about  three  volumes  at  room 
temperature.  At  the  latter  temperature  and  atmospheric  pres- 
sure the  saturated  solution  is  approximately  one-tenth  molar 
in  concentration.  All  the  hydrogen  sulfide  may  be  removed 
from  a  solution  by  boiling  it. 
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The  solution  will  turn  neutral  litmus  faintly  pink.     Hydrogen 
'uJfidc,  or  hydrosulfuric  acid,  ionizes  In  stages  as  follows: 
H,S^H++HS-, 

HS--*H++S--. 

The  first  or  primary  dissociation  is  weaker  than  that  of  carbonic 
icid  or  of  dihydrogen  phosphate  ion,  HjPO,"  (55a).  The 
wcondary  dissociation  is  extremely  small.  H,S  reacts  with 
••Jdium  hydroxide  to  form  two  products,  sodium  hydrogen  sulfide 
'ind  sodium  sulfide: 

H,S+ NaOH  ~*  NaHS+H,0, 
NaHS+NaOH->Na,S+H=0. 

607.  Sodium  and  Ammonium  Sulfides,  Yellow  Ammonium 
Sulfide. — The  first  of  these  reactions  is  nearly  complete,  but  the 
*«cond  is  far  from  being  so.  Crystalline  sodium  sulfide,  NajS, 
f^n,  however,  be  prepared.  A  water  solution  of  sodium  hydrogen 
sulfide,  NaHS,  is  slightly  alkaline,  but  a  solution  of  the  other  salt 
'■^  strongly  alkaline.  These  are  the  results  which  we  would 
'cpect  from  the  weakness  of  the  acids  H,S  and  HS~  (436). 
■Solutions  of  sodium  sulfide  find  important  use  as  a  depilatory 
•or  the  removal  of  hair  from  the  skins  of  slaughtered  animals  and 
^Of  other  similar  purposes. 

The  ammonium  salts,  NHjHS  and  (NHj),S.  are  prepared  by 
Passing  hydrogen  sulfide  into  ammonium  hydroxide  solution. 
The  resulting  solution,  which  is  of  course  alkaline  in  reaction, 
U  extensively  used  in  chemical  analysis. 

Although  pure  ammonium  sulfide  solutions  are  colorless,  the 
ordinary  reagent  is  usually  yellow,  owing  to  the  presence  of 
dissolved  sulfuf  formed  because  of  exposure  to  the  oxidizing 
ioflueoce  of  the  air.  Sulfur  dissolves  in  ammonium  sulfide 
forming  a  series  of  complex  ions  which,  because  of  their  similarity 
to  peroxide  ion,  are  called  persidfide  ions.  Ions  of  the  formula 
S,~",  S,"",  etc.,  are  known.  The  laboratory  reagent,  yellow 
ammooium  sulfide,  which  is  prepared  by  dissolving  sulfur  in 
ammonium  sulfide,  probably  contains  a  mixture  of  persulfides. 
Its  formula  is  usually  given  (NHJ,S„  the  subscript  x  denoti 
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an  undetermined  proportion  of  sidfur.    Upon  acidification  of 
this  reagent,  sulfur  is  precipitated  and  hydrogen  sulfide  given  o9E" : 

(NH4)aS,+ 2HCI  ->  2NH4a+H,S„ 
H,S,->H,S+(x-i)S. 

608.  The  Precipitation  of  Sulfides. — ^The  precipitation  oi 
sulfides  from  solution  is  a  very  important  procedure  in  makiii.£ 
an  analysis  of  a  substance  of  imknown  composition.    The  pro- 
cess of  a  general  metal  analysis  depends  on  the  separation  oi 
metals  from  the  mixture  in  order  that  they  may  be  recognize<3 
by  their  characteristic  reactions.    Thus  if  we  have  in  solutioxi 
copper  sulfate  and  zinc  sulfate,  we  may  separate  the  pietals  9^ 
follows:  First,  the  solution  is  made  acid  (0.25  to  0.5  N)  vntJ^ 
hydrochloric  acid,  and  hydrogen  sulfide  is  passed  in,    Copp^^ 
sulfide  alone  is  precipitated,  because  the  excess  of  acid  mak^^ 
the  concentration  of  sulfur  ion  so  small  (432)  that  only  ti^^ 
extremely  insoluble  copper  sulfide  forms  in  sufficient  amount 
exceed  its  molecular  solubility  (445).    Next,  the  filtrate,  which 
practically  free  from  copper,  is  made  alkaline  with  ammoniurxi 
hydroxide.    Immediately  the  separation  of  the  white  zinc  sulfid^^ 
from  solution  begins  and  is  carried  to  completion  by  the  further 
addition  of  ammonium   sulfide.     In  practice   the  extremely 
insoluble  sulfides  of  mercury,  lead,  bismuth,  cadmium,  arsenic, 
antimony,  tin,  etc.,  if  present,  are  brought  down  with  the 
copper  sulfide,  and  then  further  separation  of  these  metals  from 
each  other  follows.    With  zinc  sulfide  appear  the  sulfides  of  iron, 
cobalt,  nickel,  and  manganese,  together  with  certain  insoluble 
hydroxides.    The  separation  by  means  of  hydrogen  sulfide  is 
therefore  one  of  the  fundamental  processes  in*  the  analysis  of 
metals. 

609.  Aqueous  Hydrogen  Sulfide  as  a  Reducing  Agent— 
Aqueous  hydrogen  sulfide  is  a  good  reducing  agent  by  virtue  of 
the  easily  oxidizable  sulfur  ion,  S  ,  which  it  furnishes  (503). 
Thus  when  it  is  oxidized  by  the  air  (339)  the  fundamental 
change  may  be  represented  as  follows: 

2S — +02->2S+20 — . 
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be  hydrogen  ions  which  had  been  associated  with  the  sulfur  ion 
l>efore  the  change  unite  with  the  oxygen  ion  produced,  forming 
water. 

Since  hydrogen  sulfide  is  acted  upon  in  water  solution  by 
^uch  mild  oxidizing  agents  as  the  oxygen  of  the  air,  it  is  not 
surprising  to  find  that  it  is  attacked  by  very  powerful  agents 
mch  as  acid  permanganate  (343)  or  acid  dichromate  solutions 
1346).  If  dilute  sulfuric  acid  is  added  to  potassium  permanga- 
Qate  solution,  and  hydrogen  sulfide  is  passed  into  the  mixture, 
the  intense  color  of  the  permanganate  soon  disappears,  and  in 
its  place  we  have  the  nearly  colorless  solution  of  manganous 
sulfate.  The  sulfur  ion  may  be  oxidized  to  free  sulfur  or  to 
sulfite  ion  or  sulfate  ion  according  to  the  experimental  conditions. 
W  free  sulfur  is  the  main  product,  as  shown  by  a  fine,  almost 
white  suspension  in  solution,  the  fundamental  change  (561)  in 
charges  of  the  atoms  undergoing  oxidation  and  reduction  is  as 
follows: 

?Mn'++sS--->iMn+++sS, 

ind  the  final  equation  is 

jKMnO^+sH,S+3H.S04-*2MnSO,+  K.SO,+  s.S+8H.O. 

When  hydrogen  sulfide  is  led  into  potassium  dichromate  solu- 
'-•on  mixed  with  a  strong  acid,  sulfuric  acid  for  instance,  the 
-haracleristic  color  change  from  orange  to  green  or  violet  of  the 
'nicr  reagent  on  reduction  is  soon  observed.  In  this  case  also 
ftee  sulfur,  sulfurous  acid,  or  sulfuric  acid  may  be  produced  by 
ifie  reaction.  If  the  fine,  almost  white,  precipitate  of  sulfur  is 
observed  the  fundamental  equation  is 


iCr'++3S- 


.Cr++++3S, 


j  the  final  equation  is 

K,CrA+4H,SO,+3H,S^K,SO,+Cr.(SO,),+3S+7H,0. 

610.  Sulfur    Dioxide.  —Sulfur    dioxide    is    a    sharp-odored, 

lorless  gas  formed  when  sulfur  or  sulfides  are  burned  in  air. 

k  is  often  found  in  volcanic  gases  and  is  to  be  noticed  in  the  air 
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about  towns,  since  much  of  the  coal  bumed  contains  traces  of 
sulfur.  A  99  per  cent  pure  gas  is  made  on  a  huge  scale  by  burning 
sulfur,  but  an  enormous  supply  is  also  obtained  by  the  burning 
of  pyrite,  FeSi,  one  of  the  richest  of  the  sulfur  ores: 

4FeS,+  iiO,^!Fe.O,+8SO,.  M 


Since  the  gas  is  very  easily  liquefied  it  is  generally  marketed  in 
that  form  and  stored  in  iron  tanks,  the  material  of  which  it 
does  not  attack.  At  ordinary  temperatures  the  pressure  in 
these  tanks  is  about  2 . 5  atmospheres.  The  gas  dissolves  easily 
in  water,  about  70  volumes  to  one  of  water  at  0°  and  about  40 
volumes  at  room  temperature.  A  saturated  solution  at  20' 
and  one  atmosphere  pressure  is  about  a  i ,  6  molar  solutioi 
The  sulfurous  acid  of  commerce  contains  about  6  per  cent 
sulfur  dioxide. 

611.  Water  Solution  of  Sulfur  Dioxide,  Sulfurous  Acid. — In 
water  solution  sulfur  dioxide  forms  sulfurous  acid  (340)  just  as 
carbon  dioxide  forms  carbonic  acid  (152),  Sulfurous  acid  is  a 
moderately  weak  dibasic  acid.  Its  reducing  power  has  already 
been  described  (340),  On  this  account  it  is  used  on  an  enormous 
scale  commercially  as  "antichlor,"  that  is,  to  remove  the  residual 
hypochlorous  acid  left  after  the  bleaching  action  of  chlorine. 
Sulfurous  acid  is  also  used  to  bleach  substances  which  chlorioe 
rots,  such  as  wool,  silk,  etc.  Sulfurous  acid  arid  sulfites  are  used 
in  breaking  up  the  fibers  of  wood  pulp  preliminarj-  to  paper- 
making.  Sulfur  dioxide  is  also  used  in  the  preservation  of  f< 
particularly  dried  fruits. 

612.  Salts  of  Sulfurous  Acid,  the  Sulfites. — Sulfurous  add' 
forms  both  acid  and  normal  salts.  Most  of  the  acid  salts  are 
soluble,  but  of  the  normal  salts  only  the  sodium,  potassium,  and 
ammonium  sulfites  are  soluble  in  water.  Like  carbonates  (461) 
sulfites  interact  with  strong  acids  to  form  the  correspondingli 
strong  acid  salt  and  the  weak  and  unstable  acid,  which  decoi 
poses,  giving  off  the  acid  anliydride: 


1 


BaSO,+  2HCI  ^  B«C1,+H,S0, 
H,SO,->H,0+SO.. 
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f  This,  of  course,  means  that  sulfites,  which  are  only  moderately 
l^eoluble,  are  dissolved  extensively  by  acids,  particularly  if 
lliK  sulfur  dioxide  is  removed  from  solution  by  boiling  (463). 

613,  Sulfur  Trioiide.  Fuming  Sulfuric  Acid, — Sulfur  tri- 
IfDcide,  SO],  the  anhydride  of  sulfuric  acid,  is  a  choking  gas.  It 
dissociates  into  sulfur  dioxide  and  oxygen  more  and  more  with 
increasing  temperature;  at  400°  this  dissociation  is  only  about 
2  per  cent  of  the  whole;  at  500°  it  is  about  9  per  cent;  at  1000° 
it  is  virtually  complete.  Sulfur  trioxide  can  be  condensed  into 
needle-shaped  crystals  which  melt  at  18.8"  and  form  a  liquid 
which  may  be  distilled  undecomposed  at  44-8°.  In  the  presence 
of  a  trace  of  moisture  which,  of  course,  forms  sulfuric  add,  sulfur 
trioxide  changes  to  a  white,  asbestos-like  mass  which  can  be 
melted  at  50°.  This  substance  probably  consists  of  molecules, 
each  one  of  which  contains  several  sulfur  trioxide  molecules. 
Substances  the  molecules  of  which  are  made  up  of  small  mole- 
cules of  a  simpler  substance  are  called  polymers.     Sulfur  trioxide 

Lis  very  hygroscopic.     When  thrown  into  water  it  reacts  violently 

H{o  form  sulfuric  acid. 

^L      Sulfur  trioxide  dissolves  in  sulfuric  acid  to  form  a  product 

Hpalled  fuming  sulfuric  acid  or  oleum. 

H       614.  Sulfuric  Acid. — Sulfuric  acid  has  a  clear  title  to  being 

■  the  most  important  chemical  used  in  industry.  Very  few 
chemical  industries  exist  which  do  not  employ  this  acid  in  some 
process.  During  normal  times  the  United  States  produced 
about  three  and  a  half  million  tons  annually,  but  during  the 
Great  War  the  yearly  output  is  reported  to  have  exceeded 
six  million  tons  (see  618).     This  statement  does  not  include 

1  enormous  amounts  made  and  used  without  being  put  on  the 

Hmarket. 

r  61$.  The  Manufacture  of  Sulfuric  Acid. — The  problems  of 
the  manufacture  of  sulfuric  acid  are  much  like  those  of  the 
synthesis  of  ammonia  (520).  At  low  temperatures  the  tmion  of 
_  sulfur  dioxide  with  oxygen  to  fonn  sulfur  trioxide,  the  anhydride 
of  sulfuric  acid,  will  go  to  completion,  but  too  slowly  for  the 
process  to  be  profitable.  If  higher  temperatures  are  used  the 
site  of  the  reaction  is  increased,  but  equilibrium  is  established 
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with  less  of  suUur  trioxide  formed  the  higher  the  temperature 
used.  The  manufacture  of  the  acid  has  been  made  successful 
by  the  use  of  catalysts,  which  hasten  the  reaction  at  low  tempera- 
tures. Two  general  methods  are  used.  The  one  called  the 
chamber  process  relies  on  a  gas  catalyst  and  allows  the  reaction 
to  come  to  completion  in  huge  reaction  chambers  of  lead.  The 
other,  called  the  contact  process,  employs  a  solid  catalyst,  on 
the  surface  of  which  the  reaction  proceeds. 

616.  The  Chamber  Process. — In  the  first  method,  which  is 
the  older,  the  catalyst  is  a  mixture  of  nitric  oxide  and  nitrogen 
tetroxide.  Sulfur  dioxide,  supplied  usually  from  the  burning 
of  sulfur  or  pyrite,  is  mixed  with  the  right  amount  of  air  and  is 
then  swept  over  pots  which  contain  niter  and  sulfuric  acid. 
After  receiving  the  nitric  acid  fumes  from  the  latter  the  mixed 
gases  arc  sent  to  the  so-called  Glover  tower  to  receive  more  of 
the  catalyst,  which  has  been  recovered  from  previous  charges  in 
a  manner  which  will  be  described.  The  reaction  begins  in  the 
Glover  tower,  but  from  this  tower  the  gases  are  forced  into  the 
great  lead  chambers  in  which  the  reaction  is  completed.  Jets 
of  cold  water  or  dilute  sulfuric  acid  in  the  chambers  dissolve  the 
sulfur  trioxide,  fonning  a  moderately  concentrated  sulfuric  acid, 
called  chamber  acid: 

S0j-i-H,0-*H,S04. 

The  actual  mechanism  by  which  the  catalyst  acts  is  not  com- 
pletely understood.  The  mixture  of  NO  and  NOi  undoubtedly 
contains  a  little  N3O3  (554)  in  equilibrium  with  the  former.  If 
nitrous  acid  anhydride  is  regarded  as  the  active  agent,  the  reac- 
tion may  be  represented  by  the  following  equation:  ■ 

NA+S0,^S0j-|-2N0.  fl 


The  nitric  oxide  left  combines  with  more  oxj'gen,  and  the  regen- 
erated oxides  are  again  able  to  oxidize  more  sulfur  dioxide. 

The  gases  left  in  the  chambers  are  next  forced  through  the 
Gay  Lussac  tower.  The  latter  is  filled  with  broken  brick,  over 
which  concentrated  sulfuric  acid  constantly  trickles.  In  this 
both  sulfur  trioxide  and  nitric  oxide  dissolve,  the  first  to  fonn 
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!  sulfuric  acid   (613)   and    the  second   to  form  nitrosyl 
iric  add: 

4NO+0,+4H,S04^4NO-HSO^+2H,0. 

be  mixture  is  drawn  off  and  carried  to  the  top  of  the  Glover 

From  this  point  it  is  allowed  to  run  down  over  the  brick 

.  with  which  the  tower  is  filled.     As  it  does  so  it  meets  a  stream 

of  dilute  acid.     The  dilution  of  the  nitrosyl  siilfuric  acid  effects 

^its  decomposition,  and  oxides  of  nitrogen  are  given  off  to  the 

^Hbses  entering  the  tower  from  the  niter  pots; 


2NO-HSO,+  H,0-*2H,SO,+NO,+NO. 


The  nitric  oxide  is  of  course  changed  into  higher  oxides  by  the 

oxygen  of  the  air,  so  that  the  catalyst  is  being  continually 

re-formed.     The  mixed  gases  then  go  on  the  next  trip  through 

ihe  lead  chambers,     A  little  fresh  catalyst  is  furnished  con- 

tbually  from  the  niter  pots  to  make  up  a  small  unavoidable  loss 

in  the  process.    The  object  of  the  broken  brick  in  the  two  towers 

'i  to  afford  a  large  surface  of  contact  for  the  gases.     The  yield 

^_   uf  sulfuric  acid  is  about  95  per  cent  of  the  amount  theoretically 

^■posMble.     The  chamber  acid  is  of  a  concentration  of  about 

^H  78  per  cent  HjS04  and  22  per  cent  water.     More  concentrated 

I      s^id  b  made  by  subsequent  evaporation. 

The  following  diagram,  a  so-called  flow  sheet,  shows  by 
means  of  arrows  how  the  various  materials  entering  into  and 
ionoed  in  the  chamber  process  are  related  to  one  another: 
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Sulfur,  air,  water,  and  the  oxides  of  nitrogen  are  the  start- 
ing materials.  Of  these  the  oxides  of  nitrogen,  which  act 
catalytically,  are  largely  recovered  in  the  process  and  used  over 
and  over  again.  The  small  deficiency  caused  by  the  failure  to 
recover  them  completely  is  made  up  by  gases  from  concentrated 
nitric  acid. 

617.  The  Contact  Process. — The  more  recent  method  of 
making  sulfuric  acid  is  the  so-called  contact  process.  Sulfur 
dioxide  is  made  to  unite  with  oxygen  on  the  surface  of  a  catalyst 
which  can  be  iron  oxide,  nickel  oxide,  brick,  quartz,  etc. 
Platinum  is  an  especially  good  agent  for  this  purpose,  since  it 
allows  the  reaction  to  be  carried  on  at  temperatures  as  low  as 
450-500°.  Other  catalysts  are  reported  to  be  in  use.  If  platinimi 
is  employed  the  gases  must  be  carefully  freed  from  arsenic,  since 
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this  substance,  which  is  commonly  present  in  pyrite,  renders 
the  platinum  ineffective.  The  sulfur  trioxide  formed  is  dis- 
solved in  concentrated  sulfuric  acid,  and  water  is  added  to  the 
product  to  make  the  more  dilute  acids.  The  contact  method  has 
the  advantage  that  much  more  concentrated  solutions  of  sulfuric 
acid  may  be  prepared  directly  by  it  than  by  the  chamber  process; 
but  in  spite  of  this  advantage  and  the  greater  simplicity  of  the 
method,  the  chamber  process  is  still  the  more  commonly  used, 
owing  to  many  skilful  improvements  in  the  details  of  manu- 
facture. 

618.  The  Baume  and  Twadell  Scales  of  Specific  Gravity. — 
In  the  market  reports,  etc.,  the  concentration  of  sulfuric  acid  is 
usually  given  in  terms  of  either  of  two  arbitrary  scales  of  specific 
gravity:  in  England  and  the  United  States  tlie  Baume  (abbre- 
viation Be)  and  on  the  Continent  the  Twadell  (abbreviation  Tw). 
Table  XXV  gives  some  data  for  the  temperature  of  15°. 
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The  "concentrated  sulfuric  acid"  of  the  laboratory  is  usually 
understood  to  be  66°  Be,  The  annual  production  of  sulfuric  acid 
is  given  in  terms  of  66°  acid  {614).  The  so-called  chamber  acid 
{616)  is  usually  60°  Be.  The  specific  gravity  of  other  liquids 
heavier  than  water  is  also  given  on  these  scales.  Another 
Baum6  scale  is  used  for  liquids  lighter  than  water.  Complete 
tables  showing  the  relationship  between  the  specific-gravity 
scales  will  be  found  in  most  collections  of  chemical  tables. 

6ig.  Physical  Properties  of  Sulfuric  Acid. — Pure  sulfuric  acid 
is  a  heavy,  oily  liquid  often  called  oil  of  vitriol.  Like  hydro- 
chloric acid  it  forms  with  water  a  mLxlure  of  constant  boiling- 
point  (251).  At  one  atmosphere  pressure  the  composition  of 
this  mixture  is  g8,4-6  per  cent  acid.  It  boils  at  338°.  Pure 
sulfuric  add  boils  at  apo".  The  vapor  of  sulfuric  acid  consists 
almost  entirely  of  sulfur  trioxide  and  water. 

Sulfuric  add  is  very  hygroscopic  and  therefore  a  good  drying 
agent.  Since  the  98.4  per  cent  acid  does  not  give  off  fumes  at 
ordinary  temperatures,  a  little  is  often  kept  in  storage  vessels, 
such  as  desiccators,  to  keep  the  air  dry.  If  a  moist  substance  is 
put  in  such  a  vessel  it  will  continuously  lose  water  to  the  air, 
and  as  the  water  vapor  is  constantly  being  taken  up  by  the 
sulfuric  add  the  substance  is  soon  dry.  The  great  heat  which  is 
given  out  as  sulfuric  acid  is  diluted  with  water  has  already  been 
mentioned.  Students  have  been  warned  (93)  that  there  is 
danger  from  spattering  whenever  sulfuric  acid  is  mixed  with 
water.  On  this  account  the  acid  is  always  poured  very  slowly 
into  water,  with  gentle  stirring  in  order  that  the  heavy  layer  may 

.  be  well  mixed  into  the  lighter  layer.    The  process  of  pouring 

T^'ater  into  sulfuric  acid  is  very  likely  to  result  in  a  violent 

spattering  of  the  hot  and  corrosive  acid. 

620.  Chemical  Properties  of  Sulfuric  Acid.^Dilute  sulfuric 

acid  is  a  dibasic  acid  a  little  weaker  than  the  strongest  acids: 

H,SO,^H++HSO,-, 
HSOr^H++SO,--, 

I  .'Even  its  secondary  dissociation  is  that  of  a  moderately  strong 
acid.    Like  other  adds,  dilute  sulfuric  add  reacts  with  metals 
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above  hydrogen  in  the  electromotive  series  (.^92)  t 
hydrogen,  but  the  sulfate  ion  is  usually  very  slowly  affected  by 
reducing  agents. 

On  account  of  its  high  boiling-point  concentrated  sulfuric 
acid,  contrary  to  the  usual  rule,  can  be  made  to  displace  stronger 
acids  from  their  salts,  since  the  acid  formed  by  the  partial  double 
decomposition  of  sulfuric  acid  with  the  salt  is  distilled  off  at 
temperatures  at  which  the  sulfuric  acid  is  but  little  volatile. 
In  this  way  even  the  insoluble  silver  chloride  may  be  dissolved, 
though  the  action  is  very  slow: 


AgCl(soUd)  =^  AgCI(dissoIved)  --^  Ag+ +C1- 

H.SO^=HSO.-+H+ 
il  it 

AgHSO,    HCl 


1 


Concentrated  sulfuric  acid,  unlike  the  dilute,  is  an  oxidizing 
agent  as  well  as  an  acid,  though  its  power  to  oxidize  is  not  as 
strong  as  is  that  of  nitric  acid.  Some  of  the  important  and 
characteristic  reactions  will  be  discussed  shortly  (622). 

If  concentrated  sulfuric  acid  is  put  on  filter  paper  the  latter 
wUl  be  found  to  blacken.  This  is  a  typical  behavior  of  sulfuric 
acid  with  any  carbon  compound  from  which  it  can  take  water 
from  combination.  Thus  sugar,  C„H,jOii,  is  charred  by  sulfuric 
acid.  For  the  same  reason  sulfuric  acid  burns  the  skin.  These 
reactions  are  in  reality  more  complex  than  simple  dehydrations. 

621.  Concentrated  Sulfuric  Add  and  Metals. — Sulfuric  acid 
does  not  attack  silver  or  gold,  but  the  impure  acid  does  attack 
platinum.  In  the  cold  it  docs  not  react  with  the  less  active 
metals  like  copper,  but  does  do  so  when  hot,  forming  the  sulfate 
of  the  metal  and  sulfur  dioxide.  The  more  active  metals  like 
zinc  are  attacked  by  the  warm  acid  with  the  liberation  of  SOj; 
but  sulfur  and  hydrogen  sulfide  may  be  formed  according  to 
experimental  conditions.  That  sulfuric  acid  in  the  absence  of 
air  does  not  attack  iron  is  of  great  technical  importance,  since 
the  latter  material  is  widely  used  for  containers  of  this  acid. 

622.  Oxidation  by  Concentrated  Sulfuric  Acid. — The  solu- 
tion of  metals  in  sulfuric  acid  is  of  course  the  result  of  the  oxidizing 
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arlioD  of  the  add.  Table  XXVI  states  briefly  the  charges 
which  the  sulfur  atom  carries  in  sulfuric  acid  and  its  reduction 
products,  as  well  as  in  the  other  common  compounds  which  we 
have  studied.  Apparently  a  sulfur  atom  in  sulfuric  acid  must 
gain  two  electrons  to  become  sulfite,  six  to  become  free  sulfur, 
and  eight  to  become  hydrogen  sulfide, 

TABLE  XXV'I 

SO,,  H^O,,  and  sulfates S'+ 

SO„  H.SO„  and  sulfites &+ 

Free  sulfur  . S" 

H^ S~ 

Of  the  possible  reduction  products  of  sulfuric  acid,  S  and 
taS  are  capable  of  further  reaction  with  excess  acid.  Thus 
tjS  bubbled  through  concentrated  H,S04  forms  sulfur  and  the 
Jstable  sulfurous  acid: 

H.S+H,S04  ->  S + H.0+ H.SO,. 

llfur  wanned  with  concentrated  H^SO,  reduces  the  acid,  form- 
gSO,: 

S+2H,SO,-»SO.+  3H,SOj. 

As  in  the  case  of  nitric  acid  (557),  so  with  sulfuric  acid,  the 
coQcenlration  of  the  acid,  the  temperature  of  the  reaction,  the 
fineness  of  division  of  the  reducing  agent  if  it  is  a  solid,  and 
jk-hether  or  not  the  acid  is  present  in  excess,  all  affect  the  nature 
I  the  products. 

In  the  case  of  zinC  the  fundamental  reactions  by  which 
I)  of  the  possible  products  is  formed  are  as  follows: 

for  SO.,  Zn+S<+^Zn+++S*+, 
for  S,  3Zn+S*+-*3Zn+++S', 
forH,S,  4Zn+S'^->4Zn+++S--, 

1  the  final  equations  are 

Zn+2H,SO,^ZnSO,+SO,+  2H.O. 
3Zn4-4H,SO,^3ZnSO,+S+4iIA 
4Zn+5H^,  ->  4ZnS0,+ H,S+4H^. 
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623.  Action  of  Non-Metallic  Reducing  Agents  on  Concen- 
trated Sulfuric  Acid. — The  non-metallic  reducing  agents  show 
the  same  differences  in  behavior  with  concentrated  sulfuric  acid 
as  do  the  metals.  Thus  hydrogen  bromide  reduces  sulfuric  add 
to  form  sulfurous  acid  and  bromine,  while  hydriodic  acid  reduces 
sulfuric  acid  to  sulfur  and  iydrogen  sulfide,  iodine  and  water 
being  formed  at  the  same  time  (341).  The  action  of  sulfur  and 
hydrogen  sulfide  respectively  has  just  been  discussed  (622), 
Charcoal  (carbon)  reduces  the  acid  to  sulfurous  acid  and  is  Jtseli 
oxidized  to  carbon  dioxide:  U 

C+2HjSO^->CO,+2H.SOj.  m 

624.  Sulfates. — Solutions  of  the  acid  sulfates  are  acid  to 
litmus,  owing  to  the  fact  that  the  HS04~  ions  are  very  largely 
dissociated  in  solutions  of  even  moderate  dilution.  Sulfates 
as  a  rule  are  easily  soluble  in  water,  but  those  of  barium,  stron- 
tium, calcium,  and  lead  are  little  soluble.  Under  dry  heat  the 
acid  sulfates  of  sodium  and  potassium  first  lose  water,  forming 
the  so-called  pyrosulfates.  These  on  further  heating  change 
into  the  normal  sulfates  with  the  loss  of  sulfur  trioxide: 

2Na(HS0^)  ^Na,S,0,+HA  ^M 

Na.S.O;  -»  Na.SO.+SOj.  M^ 

Normal  sulfates  of  the  alkalies  are  very  resistant  to  heat.  The 
others  break  down,  forming  the  corresponding  oxides  and  sulfui 
trioxide: 

Fe,(SO,)j  -»  FeA+3S0j. 

625.  Sodium  Thiosulfate. — One  other  sulfur  compound 
should  be  mentioned.  This  is  sodium  thiosulfate,  the  "hypo" 
used  in  photography  to  "fix"  negatives.  If  sulfur  is  boiled  in  a 
solution  of  sodium  sulfite  it  will  soon  be  seen  to  dissolve.  Upon 
evaporation  the  solution  gives  clear,  colorless  crystals  of  sodium 
tliiosulfate : 

Na,SO,-|-S-*Na,SA- 

This  salt  is  extremely  soluble  in  water.  At  o",  a  1 7  parts  dissolve 
in  100  parts  by  weight  of  water.    It  will  be  remembered  as  one 


^ 


Sulfur  and  Its  Compounds  391 

\j\  the  substances  used  to  show  the  phenomenon  of  supersatura- 
tion  of  a  solution  (123).  When  solutions  of  hypo  are  made,  acid 
I  julfur  is  deposited  and  sulfurous  acid  forms: 

Na.SA+2HC1^2NaCl+H.SO,+S. 

'  Sodium  thiosulfate  is  manufactured  in  immense  quantities  for 
purposes  similar  to  those  for  which  sodium  sul&te  is  used.  The 
reaction  with  chlorine  is  as  follows: 

Na.SA+4CL+sH.O-»2NaCl+2H,SO,+6HCi. 

^iiJium  thiosulfate  reacts  differently  with  iodine,  forming  sodium 
[etr&thionate  and  sodium  iodide: 

2Na.SA+I-^  aNaH-Na,S,Os. 

626.  The  Silver  Thiosulfate  Complex  Ion. — If  a  solution  of 
sodium  thiosulfate  is  added  to  a  solution  of  silver  nitrate  a  white 
precipitate  of  silver  thiosulfate  appears: 

2AgNO,+Na.S,0,->Ag,SA+2NaNOj. 

The  precipitate  dissolves  very  easily  in  excess  of  the  hypo  solu- 
li™,  forming  complex  silver  thiosulfate  ions,  AgiSjOj"",  and 
!<i:ondarUy  some  of  the  sodium  silver  Lhiosulfate  molecules: 

Ag.S.03+  Na,S  A  ^Na,Ag,S,06. 

If  we  add  sodium  chloride  to  the  resulting  solution  no  precipitate 
if  silver  chloride  will  appear.  Or  if  we  treat  silver  chloride  with 
;i"iium  thiosulfate  solution  the  former  will  dissolve.  So  little 
■iisxiated  is  the  complex  silver  thiosulfate  ion  that  even  silver 
tiiiimide,  which  is  less  soluble  than  silver  chloride,  is  dissolved 
ty  the  hypo  solution. 

617.  The  Action  of  Hypo  as  a  Fixing  Solution. — The  coating 
of  a  photographic  plate  or  film  which  is  sensitive  to  light  is 
onfinarily  made  of  gelatine  and  silver  bromide.  After  the  plate 
I>as  been  "exposed"  and  "developed"  the  parts  acted  upon  by 
light  are  black  coatings  of  finely  divided  silver,  TI.e  unchanged 
part  of  the  "negative"  is  still  coated  with  the  light-yellow  silver 
^vrhich  must  be  removed  before  the  former  is  again 
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oxposwi  lo  light,  or  the  whole  plate  will  become  evenly  black 
and  the  picture  be  obliterated.  Accordingly  the  unchanged  silver 
bromide  is  dissolved  in  the  hjpo  bath,  and  the  soluble  sodium 
silver  thiosulfate  thus  formed  is  washed  away. 

6a8.  Other  Sulfur  Compouads. — The  chemistry  of  sulfur  and 
its  compounds  has  not  been  exhausted  by  any  means  by  the  dis- 
cussions of  this  chapter.  The  treatment  here  has  been  limited 
to  the  more  important  properties  of  the  commonest  sulfur  com- 
pounds; but  there  are  numerous  others,  some  of  which  are  of 
technical  importance.  Of  the  latter  class  are  persuUuric  acid, 
H,S,0«  pennonosulfuric  or  Caro's  acid,  H,SOs;  and  hyposutfur- 
ous  acid,  HjS^l,,  together  with  their  salts.  The  first  two  oi 
these  acids  are  closely  related  to  hydrogen  peroxide.  Their 
grapliic  formulae  (323),  together  with  that  of  sulfuric  acid,  are 
thought  to  be  as  follows: 

HO-SO,  HO- SO,  HO-S< 

'  I  i 

0  0  0 

I  I  I 


! 

HO-SO. 

PcrsuUuric  add 


H 
Permonosulfuric  add 


.,  arc 
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They  and  their  salts  are  powerful  oxidizing  agents.  The  Zn 
salt  of  h\posulfurou3  add  is  readily  formed  by  dissotviog  bk 
dust  in  sulfurous  add: 

Zn+  3H.SO,-*ZnS  A+  ^H/). 

The  sodium  salt  Xa^O.,  known  in  commerce  as  wdfaH 
kydras^t*,  is  a  powerful  reducing  agent  and  has  stroog  hkach- 
tng  actioa  oa  vegetable  colors.  It  is  used  for  bkadung  soap,  dc 
Fhre  odwr  acids  of  theoretical  but  at  present  Ettle  pnctial 
unportaace  are  the  fbfloiring:  dithiomc  acid,  H.SA;  t 
add,  H^A;  tetratfaioiuc  acid.  HAO»; 
H.SA:  hexatbioaic  add,  H^Ob- 


CHAPTER  XXV 
CABBOK  Ain>  CABBON  COMPOUNDS:  OSGAmC  COHPODNDS.    I 
6jsi.  Review.^Some  relatively  simple  reactions  of  carbon 

ind  carbon  compounds  have  already  been  studied.  When 
Eubon  is  burned  in  oxygen,  the  gas  carbon  dioxide  is  formed 
i  may  be  identified  by  its  reaction  with  limewater  to  form  a 
iite  precipitate  of  calcium  carbonate  (i8,  151).  The  burning 
l(  other  carbon  compounds  in  excess  of  air  is  found  to  produce 
ibesame  gas  {20).  Charcoal  heated  with  copper  oxide  reduces 
Ae  latter,  forming  free  copper  and  carbon  dioxide  (328).  The 
eommercial  production  of  phosphorus  depends  on  the  reducing 
^^lion  of  carbon  on  calcium  phosphate  mixed  with  sand  (580). 
Carbon  monoxide  is  also  a  good  reducing  agent  at  high  tempera- 
tures (339).  When  carbon  dioxide  dissolves  in  water  the  weak 
md  unstable  carbonic  acid  is  formed  (153,  285,  449).  The 
acarbonate  and  carbonate  of  sodium  and  of  potassium  are 
tDtnmon  reagents  (161,  162,  448).  Limestone  and  marble, 
Afferent  forms  of  calcium  carbonate,  are  used  on  a  huge  scale 
H  the  preparation  of  both  lime  (150)  and  carbon  dioxide  (163). 
The  precipitation  of  carbonates  is  governed  by  the  usual  condi- 
Bons  which  control  the  precipitation  of  little  soluble  salts  of 
«ak  acids  (448).  All  carbonates  are  soluble  in  strong  acids 
[(61).  Another  common  reagent,  acetic  acid,  is  also  a  carbon 
mpoimd  (157).  It  is  a  colorless  liquid,  of  sour  odor,  miscible 
ith  water  in  all  proportions.  It  is  used  mainly  as  a  weak  and 
Ubieacid  (424). 
630.  Physical  Properties  of  Carbon. — The  free  element  car- 
lo appears  in  several  allotropic  forms.  An  impure  form  of 
eat  Industrial  importance  is  the  non-volatile  portion  of  coal 
Bft  after  the  latter  has  been  subjected  to  processes  which  free 
of  volatile  matter.  This  material  is  called  coke.  It  is 
nployed  as  a  fuel  directly  but  is  also  used  for  making  different 
I'M  of  fuel  gas,  which  are  usually  mixtures  of  carbon  monoxide 
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with  other  gases.  Coke  is  also  used  for  the  reduction  of  oxide 
ores  such  as  the  important  iron  ore  hematite,  Fe,Oj.  Thus 
coke  is  a  necessary  material  for  many  industries. 

Graphite  is  another  form  of  carbon.  It  occurs  to  some  extent 
in  nature  but  is  now  produced  in  enormous  quantities  by  heating 
coke  in  the  electric  furnace  (Acheson  process).  It  is  formed 
in  slippery  black  scales  which  serve  as  an  excellent  lubricant 
for  parts  exposed  to  high  temperatures  and  for  wood  surfaces 
which  must  rub  together.  Since  graphite  conducts  electricity 
it  is  an  important  material  for  electrodes,  particularly  for  the 
preparation  of  substances  like  chlorine.  Mixed  with  clay, 
graphite  is  the"lead"  of  lead  pencils. 

The  diamond  is  pure  crjstalline  carbon.  The  natural 
crystals  are  cut  into  many-faced  shapes  in  order  to  bring  oul 
the  power  of  this  material  to  reflect  Hght.  Diamonds  were 
first  produced  artificially  by  Moissan.  He  took  advantage  of 
the  fact  that  carbon,  though  insoluble  in  all  ordinary  solvents, 
is  soluble  in  molten  iron,  and  dissolved  graphite  in  the  latter 
substance.  He  then  chilled  the  mass  quickly  by  plunging  it 
into  molten  lead.  The  outside  layer  of  iron  was  first  to  cool, 
and  as  it  shrank  in  so  doing  it  put  the  inner  part  under  great 
pressure.  When  the  entire  mass  was  cooled  tiny  diamonds, 
about  0.5  mm.  in  diameter  at  the  m(5st,  were  found  in  the 
interior.  The  diamond  has  the  distinction  of  being  the  hardest 
substance  known  and  is  consequently  an  important  abrasive 
and  cutting  material.  Black  diamonds,  which  have  no  orna- 
mental value,  are  set  in  the  cutting  surfaces  of  rock  drills,  while 
small  diamond  chips  are  used  to  cut  glass. 

631.  Chemical  Properties  of  Carbon. — Any  form  of  carbon 
when  burned  gives  either  carbon  monoxide  or  carboa  dioxide, 
according  to  the  supply  of  oxygen  available. 

If  sulfur  vapor  is  led  over  hot  carbon,  caibon  disulfide,  CS,, 
is  formed.  Carbon  disulfide  is  a  colorless  liquid.  It  is  an 
important  solvent  for  a  variety  of  substances.  An  instance  of 
interest  is  its  use  to  dissolve  rubber.  As  has  already  been 
pointed  out,  it  is  very  easily  inflammable  and  therefore  danger- 
ous (546). 
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Carbon  does  not  unite  with  hydrogen  (except  to  a  very  small 
I  BleDtathigh  temperatures)  without  the  assistance  of  a  catalyst; 
I  bul  if  hydrogen  is  led  over  a  mixture  of  carbon  and  very  finely 
IdiWded  nickel  at  250°  a  very  good  yield  of  the  gas  methane, 
I CH,,  is  obtained. 

Carbon  can  be  made  to  unite  with  metals,  forming  carbides. 
'  TTius  when  coke  is  heated  with  lime  in  the  electric  furnace 
calcium  carbide  is  formed: 

CaO+3C-»CaC,+CO. 

This  substance  is  of  interest  because  of  the  part  it  plays  in  the 
O'lnamide  process  for  fixing  atmospheric  nitrogen  (526).  It 
iialso  of  importance  because  of  its  ready  action  with  water  to 
'orm  acetylene: 

CaC,+  2H,0->Ca(0H),+C,H,.  (40) 

^Vhen  sand  is  heated  with  coke  under  special  conditions  car- 
borundum, Sic,  is  formed.  This  important  abrasive  is  ground, 
oiixed  with  a  binder,  and  molded  into  grinding  wheels,  knife 
sharpeners,  etc. 

633.  Carbon  Monoxide. — Wherever  combustion  of  carbon 
or  carbon  compounds  goes  on  with  a  deficient  supply  of  air,  the 
odorless,  colorless,  and  very  poisonous  gas  carbon  monoxide  is 
likely  to  l>e  formed.  It  is  often  seen  burning  as  a  pale-blue 
fiame  on  the  top  of  coal  fires.  Care  must  be  taken  that  furnaces 
are  sufSciently  ventilated  to  prevent  this  dangerous  gas  from 
getting  into  living  quarters.  Carbon  monoxide  is  made  in  large 
quantities  for  industrial  fuel  gas.  If  made  from  air  and  coke 
it  is  mbted  with  nitrogen.    Steam  and  coke  give  carbon  monoxide 

r  hydrogen: 
H,0+C-*CO+H.. 

633.  Carbon  Dioxide. — Liquid  carbon  dioxide  is  sold  in  steel 
cylinders  in  which  it  is  under  about  60  atmospheres'  pressure. 
When  it  is  allowed  to  flow  rapidly  from  these  into  a  cloth  bag 
it  is  cooled  so  strongly  by  its  own  evaporation  that  tiny  particles 
of  the  solid  carbon  dioxide  are  formed  and  collect  in  the  bag  as 
snow.    This  substance  has  a  vapor  pressure  of 
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76  cm.  at  —  79°,  a  temperature  which  is  23°  bdow  the  meltings 
point  of  the  solid.  Thus  the  latter  evaporates  at  —  79**  without 
melting.  Carbon  dioxide  snow  has  a  limited  but  important  use 
as  a  refrigerant. 

The  gas  is  very  stable  and  will  not  support  ordinary  com- 
bustion. It  is  so  much  heavier  than  air  that  it  can  be  poured 
from  one  vessel  to  another  much  as  we  would  pour  a  liquid. 
These  properties  make  it  very  serviceable  as  a  fire  extinguisher. 
Usually  the  apparatus  contains  concentrated  carbonate  solution 
and  a  bottle  of  sulfuric  acid.  When  the  handle  of  the  device  is 
turned  the  bottle  is  broken,  and  a  concentrated  solution  of 
carbon  dioxide  is  formed  under  considerable  pressure  of  the  gas. 
A  stream  of  the  gas  and  supersaturated  solution  may  then  be 
directed  against  the  fire. 

The  so-called  charged  water  (soda  water)  is,  of  course,  a 
solution  of  carbon  dioxide  imder  pressure.  When  the  pressure 
is  released  the  solubility  of  the  gas  decreases,  and  the  liquid  is 
seen  to  froth  with  the  escaping  bubbles. 

Carbon  dioxide  plays  an  important  part  in  plant  life,  as  will 
be  shown  later  (690,  691). 

634.  Illuminating  Gas. — The  distillation  of  coal  yields 
illuminating  gas,  together  with  other  important  products. 
These  vary  in  composition  according  to  the  kind  of  coal  used 
and  the  temperature  to  which  the  latter  is  heated.  The  follow- 
ing data  are  representative  of  the  nature  and  the  approximate 
amounts  of  products  gained  from  one  ton  of  coal: 

Illuminating  gas,  11,000  cu.  ft. 
Ammonia,  6  lb. 
Coal  tar,  1 20  lb. 
Coke,  1,500  lb. 

The  coal  is  heated  in  retorts.  A,  to  about  1300®  (Fig*  93)- 
The  vapors  given  off  are  sent  through  water  in  the  so-called 
hydraulic  main.  By  in  which  some  of  the  ammonia  and  tar  are 
collected.  The  gas  is  then  passed  first  through  condensers, 
C,  to  take  out  the  rest  of  the  coal  tar,  and  next  through  trays 
of  broken  brick,  D,  ''scrubbers,"  over  which  water  is  trickling, 
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'  to  dissolve  the  last  of  the  ammonia.  Next,  objectionable  impu- 
rities such  as  carbon  dioxide  and  hydrogen  suhide  are  removed. 
Finally  the  gas  is  stored  in  huge  holders  preliminary-  to  its 
passage  into  the  city  main.  Illuminating  gas  consists  largely 
of  hydrogen  and  methane,  CH,,  together  with  a  small  proportion 
of  ethylene,  C.H4  (660). 

635.  Organic  Chemistry. — The  number  of  definite  compounds 

otaining  the  element  carbon   far  exceeds  that  of  all  other 

Itemical  substances.    It  was  once  thought  that  all  except  the 

rtry  simplest  carbon  compounds  were  products  of  vegetable 

.  animal  organisms,  and  for  this  reason  they  were  called 
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rganic  substances.    We  now  know  that  this  view  is  erroneous, 
scause  the  great  majority  of  organic  substances  can  at  present 
:  made  by  purely  chemical  methods  (synthesized)  from  the 
Elements  composing   them.     Although   the   term  "organic"   is 
'  a  misnomer,  it  is  retained  and  serves  to  distinguish  the  great 
class  of  compounds  of  carbon  from  all  others,  which  by  contrast 
are  known  as  inorganic  substances.     A  few  of  the  simplest  com- 
pounds of  carbon  are  classed  as  inorganic;    these  include  such 
substances  as  the  oxides  of  carbon,  carbonates,  carbides  (e.g., 
CaC),  etc. 

It  will  be  the  purpose  of  the  rest  of  this  chapter  to  give  the 
student  a  brief  glimpse  of  the  fundamental  principles  of  organic 
chemistry,  and  the  object  of  the  next  chapter  to  show  some  of 
the  great  successes  of  this  branch  of  the  science.  No  attempt 
should  be  made  on  the  part  of  the  reader  to  secure  an  intimate 
^.Imowledge  of  the  detail  presented,   since  such  effort  is  best 
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expended  under  circumstances  in  which  more  time  is  given  to 
laboratory  work  than  is  possible  in  a  general  chemistry  course. 
But  the  student  should  aim  to  understand  the  fundamental 
principles  pointed  out. 

We  shall  begin  by  the  study  of  one  of  the  commonest  and 
best  known  of  organic  substances,  starch.  We  shall  then  show 
how  from  this  plant  product  a  variety  of  other  substances  can 
be  derived  by  chemical  processes.  This  procedure  will  lead  us 
to  a  knowledge  of  the  properties  and  interrelations  of  several 
of  the  most  important  organic  compounds  and  thus  pave  the 
way  for  the  further  study  of  the  compounds  of  carbon. 

636.  Starch. — Starch  in  nearly  pure  form  is  a  well-known 
article  of  merchandise,  used  extensively  as  food  and  also  for 

TABLE  XXVII 

Percentage    of    Starch   in    Several   Plant 

Products 
Wheat 68 

Com  (maize) 75 

Oats 55 

Rice 78 

Potatoes 15 

Beans 59 

the  stiflfening  (starching)  of  laundered  clothes,  etc.  Most  starch 
is  made  from  com  (maize),  of  which  it  constitutes  about  75  per 
cent.  Starch  forms  a  large  part  of  the  mass  of  most  grains  and 
seeds  and  is  present  in  large  amount  in  tubers,  bulbs,  and  other 
parts  of  plants.  Table  XXVII  shows  the  starch  contents  of  a 
variety  of  plant  products. 

Starch  may  be  easily  prepared  by  grating  a  potato  and 
stirring  the  pulp  with  water.  If  the  mixture  is  poured  through 
a  cofiFee  strainer,  the  starch  goes  through  with  the  water,  while 
the  fiber  is  left  behind.  The  (insoluble)  starch  soon  settles 
out  of  the  water,  which  can  then  be  decanted.  After  being 
dried  at  room  temperature  the  starch  is  obtained  as  a  white 
powder. 

It  is  well  known  that  starch  is  one  of  the  indispensable  food 
constituents  for  man  and  all  herbivorous  animals.    It  constitutes 
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Eiie  most  valuable  ingredient  of  vegetables  and  fruits  and  forms 

a  ver)'  considerable  part  of  all  breadstuffs. 

The  simplest  formula  calculated  from  the  analysis  of  starch 
^tt  CeHioOj;  but  since  it  is  not  possible  to  volatilize  this  sub- 
Kftance  its  molecular  weight  cannot  be  found  by  the  vapor- 
L.    density    method.     The   physical    and   chemical    properties    of 

starch  lead  us  to  believe  that  its  formula  is  less  simple  than 

that  given,  and  that  it  is  better  represented  by  (CtHiuOj),,  where 

fi  may  be  a  rather  large  number. 

637.  The  Properties  of  Starch. — Starch  occurs  in  plants  in 
minute  grains  easily  ^'isible  under  the  microscope.  Fig.  94 
shows  the  appearance   of  wheat  starch. 

It  scarcely  need  be  said  that  the  visible 
grains  are  not  the  molecules  of  starch,  for 
each  grain  contains  an  enormous  number 
of  molecules. 

Natural  starch  is  nearly  insoluble  in 
cold  water,  but  when  boiled  with  water 
the  grains  burst,  producing  so-called 
starch  paste.  A  solution  of  starch  does 
not   conduct    an    electric  current   much 

better  than  water;  it  is  not  an  acid,  base,  or  salt.  The  action 
of  iodine  on  starch  (363),  giving  a  blue  color,  forms  the  simplest 
and  best  test  for  this  substance. 

638.  The  Conversion  of  Starch  into  Glucose. — The  most 
important  reaction  of  starch  is  that  in  which  it  unites  with  water 
to  form  glucose,  or  grape  sugar: 

C(JI„Os+H.O  ->  C«H„0«. 

This  reaction  requires  the  aid  of  a  catalytic  agent.  Adds  of  all 
kinds  act  as  catalytic  agents  for  the  conversion  of  starch  into 
glucose.  The  latter  substance  is  made  commercially  by  heating 
starch  with  very  dilute  hydrochloric  acid.  The  acid  rapidly 
promotes  the  union  of  water  with  the  starch  but  is  not  itself 
changed.  At  the  end  of  the  reaction  the  HCI  is  neutralized 
with  soda  and  thus  converted  into  NaCl,  the  presence  of  which 
in  minute  amounts  is  not  objectionable.    The  union  of  starch 


Fig,  94 
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with  water  is  called  hydrolysist  and  we  say  that  starch  is  hydro- 
lyzed  to  glucose. 

639.  Glucose,  C6Hu06. — The  sugar  of  ripe  grapes  and  of 
many  other  fruits  is  largely  glucose,  which  is  also  called  dextrose 
and  grape  sugar.  In  pure  form  glucose  b  a  white  crystalline 
substance  looking  much  like  ordinary  "granulated  sugar."  It 
is  very  soluble  In  water  and  is  about  half  as  sweet  as  ordinary 
sugar.  Very  little  pure  glucose  is  made,  but  glucose  sirup  b 
produced  in  enormous  quantities. 

Glucose  sirup  is  used  directly  as  a  table  sirup  and  is  com- 
monly known  as  com  amp.  It  is  frequently  colored  and 
flavored  to  imitate  maple  ^rup.  It  is  a  good  and  cheap  food- 
stuff. A  large  part  of  the  production  of  glucose  simp  is  used 
in  the  manufacture  of  candy.  The  sirup  is  now  shipped  largely 
in  tank  cars. 

640.  The  Fermentation  of  Glucose  and  the  Formatioa  of 
Alcohol. — The  fermentation  of  fruit  juices  is  due  to  the  decom- 
position of  their  glucose  content  into  alcohol,  dHeO,  and  COj, 
according  to  the  equation 

CtH„Ot^  aCHsO+aCO,. 

This  change  requires  the  aid  of  a  catalytic  agent  produced  by 
growing  yeast,  which  is  a  simple  form  of  vegetable  organism 
(Fig.  95).  It  was  once  thought  that  the 
yeast  consumed  the  glucose  as  food  and 
produced  alcohol  and  CO,  as  products. 
The  falsity  of  this  idea  was  shown  by 
grinding  up  growing  yeast  so  as  to 
destroy  every  plant  cell,  then  pressing 
out  the  plant  sap  and  n^iiting  it  with 
glucose.  The  sap  or  extract  so  obtained 
Ficgs  fermented  glucose   and   therefore  con- 

tained the  active  catalytic  agent  of  fer- 
mentation. The  change  of  glucose  into  alcohol  and  carbon 
dioxide  is  therefore  strictly  a  chemical  decomposition. 

641.  Alcohol,  CjHtO. — There  are  many  kinds  of  alcohols, 
but  the  term  alcohol  is  commonly  and  popularly  applied  to  the 
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TOmentatioQ  product  of  glucose,  CHeO.  This  is  also  known 
as  grain  alcohol  (because  it  is  usuaUy  made  from  corn,  barley,  or 
[ye  as  starting  materials),  and  by  chemists  as  ethyl  alcohol. 
Alcohol  is  a  colorless  liquid  which  burns  with  a  non-luminous, 
sootless  flame.     It  is  miscible  with  water  in  all  proportions. 

In  the  manufacture  of  alcohol,  corn  from  which  the  germ  has 
been  removed  is  ground  up  coarsely  and  boiled  with  water.  The 
product  is  cooled  to  60°  or  65°  and  mixed  with  the  malt,  which 
furnishes  the  diastase  necessary  to  convert  the  starch  into 
maltose,  C„H„0,„  which  is  an  intermediate  product  between 
starch  and  glucose.  Maltose  is  easily  changed  into  glucose  by 
headng  with  dilute  HCl  or  H,SO^: 

C„H»0„+H,0  -^  2CiH„0t, 

and  like  glucose  is  easily  fermented  to  give  alcohol  and  COai 

C„H„0„+H,0->4CtH»0+4('0,. 

After  all  starch  has  changed  into  maltose,  yeast  is  added  to 

start  fermentation,  which  is  finished  in  three  days.     The  product, 

which  contains  10  to  i3  per  cent  of  alcohol,  is  then  distilled. 

The  alcohol  (boiling-point  78°)  distils  off  more  readily  than  the 

water  and  is  thus  easily  separated  from  most  of  the  water  as 

well  as  from  the  other  soluble  and  insoluble  materials  present. 

Repeated  distillation  finally  yields  a  product  containing  95  per 

ktient  of  alcohol.     Proof  spirit  contains  about   50  per  cent  of 

^^Icohol.     Pure   alcohol,    free    from   water,   is   called   absolute 

llkohol.     Denatured    alcohol    is    alcohol   to  wtiich  has  been 

added  methyl  alcohol,  benzene,  pyridine,  etc.,  to  render  it  unfit 

for  drinking.     It  is  poisonous. 

^H     643.  Ether,  CjHioO. — Ether  is  made  by  allowing  alcohol  to 

^^feop  slowly  into  a  mixture  of  alcohol  and  two  parts  of  concen- 

^^nted  HJSO^  at  140°.    Crude  ether  distils  off  and  is  condensed 

^ay  cooling  its  vapor  (Fig.  96).    The  reaction  in  its  simplest  form 

may  be  represented  thus: 

^_  3C,IiiO^C,H«0+H^. 
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The  HaS04  acts  as  a  powerful  dehydrating  (water-absorbing) 
agent.  It  is  very  probable  that  the  reaction  is  not  as  simple 
as  indicated,  but  that  an  intermediate  compound  of  CaHeO  and 
H3SO4  is  first  formed  and  later  decomposed. 

Ether  is  a  colorless,  mobile,  and  very  volatile  liquid  boiling 
at  35^.  It  is  our  most  important  anaesthetic,  being  almost 
universally  used  in  surgical  operations.  It  is  also  of  enormous 
importance  chemically.  It  is  an  excellent  solvent  for  numerous 
organic  substances.  It  mixes  with  alcohol  in  all  proportions 
but  is  only  slightly  soluble  in  water. 


Fig.  96 

643.  The  Paraffine  Series. — From  crude  petroleum  and  the 
accompanying  gases  a  very  remarkable  series  of  carbon  and 
hydrogen  compounds,  called  hydrocarbonsi  can  be  obtained. 
The  simplest  member  of  the  series  is  methane,  CH4  (54).  It 
was  pointed  out  that  this  gas  is  the  chief  component  of  natural 
gas  and  of  marsh  gas.  Methane  may  be  made  in  the  laboratory 
by  heating  a  mixture  of  sodium  acetate,  sodium  hydroxide,  and 
lime  to  a  high  temperature  in  an  iron  retort.  The  reaction  is 
substantially  as  follows : 

NaCaHjOa+NaOH  -»  CH4+NaaC03. 

The  second  member  of  the  series  is  ethane,  CaHe,  a  gas  dosdy 
resembling  methane.  The  third  member  is  propane,  CjHs. 
The  formula,  name,  physical  state,  boiling-point  (B.P.),  and 
melting-point  {M.P.)  of  a  niunber  of  these  compounds  are 
given  in  Table  XXVIIL    It  will  be  seen  that  the  number  of 


Carbon  and  Carbon  Compounds  403 

ffatoms  is  two  more  than  twice  the  number  of  carbon  atoms  in 
any  moieciJe.  Therefore  the  general  formula  for  a  compound 
having  n   carbon  atoms  is  C,H„+j.     All  the  members  of  this 

5  of  compounds  up  to  Cm  are  known,  and  also  several  with 

to  carbon  atoms  in  the  molecule. 

TABLE  XXVm 


C^m,  propone,  gas. 

"^bMtane,  gas, . . 
apestaiie,  liquid 
■^nexane,  liquid. 


C,Hd,  heptane,  liquid . . 
CtHtt,  octane,  liquid. . . 

C,sH„,Uqmd 

C,ai.„  solid 

C«H,.,  solid 

CjJUt,  solid 


rhe  petroleum  products  in  common  use  are  mixtures  of 
hydrocarbons.  The  principal  components  of  some  of  these  are 
given  in  Table  XXIX. 

TABLE  XXIX 

Gasoline CsH„  to  C|H,i 

Kerosene CjH,,  to  COl^ 

Lubricating  oib CuHjt  to  C,»H], 

Vaseline C,M»  to  C^„ 

Paraffine C«H„  to  0,3,, 

4.  The  Action  of  Chlorine  on  Methane.— Chlorine  acts  on 
ine  to  form  a  series  of  four  compounds.  The  first  reaction 
methyl  chloride,  CH3CI: 

CH4+C1,-*CH3C1+HCI. 
1  colorless  gas  which  can  react  still  further 
CH,C1+ CI,  ->  CH,CI,+ HCl. 

le  product,  CHjCIj,  methylene  chloride,  is  a  colorless 
,  which  gives,  with  more  chlorine,  chloroform,  CHClj: 

CH,a+ CI,  ->  CHCI3+ HCI. 

is  a  sweet-smelling,  colorless  liquid  boiling  at  61° 
ituble  in  water,  but  misdble  with  alcohol  or  ether  in  all 


lyl  chloride 
chlorine : 
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proportions.  It  is  a  good  anaesthetic  but  is  not  as  safe  as  ether 
for  patients  with  weak  hearts.  Finally  the  action  of  more  Cl^ 
on  CHCI3  gives  carbon  tetrachloride: 

CHCI3+ CI,  ->  CCI4+HCI. 

This  is  a  colorless  liquid  which  is  not  only  incombustible  but 
an  excellent  fire  extinguisher.    It  is  the  principal  component 
used  in  Pyrene  and  similar  fire  extinguishers.    Devices  of  this 
type  should  be  at  hand  in  every  laboratory  for  the  speedy  control 
of  fires  that  might  otherwise  prove  dangerous. 

Carbon  tetrachloride  and  closely  related  substances  are  used 
as  cleaning  fluids.  They  are  perfectly  safe,  since  they  are  not 
combustible. 

645.  Methyl  Alcohol,  CH4O.— If  methyl  chloride,  CH3CI,  is 

heated  with  water  at  a  high  temperature  under  pressure  it  reacts 

as  follows: 

CHjCl+HaO  ->  CH4O+HCI. 

The  substance,  CH4O,  is  methyl  alcohol.  This  method  of  mak- 
ing methyl  alcohol  is  only  of  scientific  interest.  The  substance 
is  obtained  in  large  quantity  as  one  of  the  volatile  products 
of  the  distillation  of  wood  (701).  The  conmion  name  of  methyl 
alcohol  is  wood  alcohol.  It  is  a  colorless  liquid,  boiling  at  66^ 
and  miscible  with  water  in  all  proportions  It  resembles  com- 
mon (ethyl)  alcohol  in  its  physical  and  chemical  proj>erties. 
It  is  a  dangerous  poison,  often  accidentally  causing  permanent 
blindness  or  death.  It  is  a  valuable  solvent  and  is  manufactured 
on  a  large  scale. 

646.  Methyl  Ether,  C^HeO. — Methyl  ether  is  made  from 
methyl  alcohol  in  practically  the  same  way  that  ethyl  ether, 
C4HX0O,  is  made  from  ethyl  alcohol: 

2CH40-»CaH60+H,0. 

Methyl  ether,  C2H6O,  is  a  colorless  gas  having  chemical  prop- 
erties resembling  those  of  ethyl  ether. 

647.  Isomerism. — ^The  formula  given  for  methyl  ether  is 
that  based  upon  analysis  and  gas  density.    It  will  be  recalled; 


Carbon  qvd  Carbon  Compounds  405 

ihat  exactly  the  same  formula,  CHuO,  was  also  ascribed  to  ethyl 
:iltahoI.  This  formula  was  also  fixed  by  analysis  and  vapor 
density.  Both  substances,  although  entirely  distinct  in  physical 
:nd  chemical  properties,  have  exactly  the  same  percentage  com- 
■(iii/ioK,  the  same  vapor  density,  and  therefore  the  same  molecular 
:  'i)^ht.'  This  is  a  most  remarkable  fact  but  by  no  means  the 
■  ;ily  known  case  of  the  kind.  Indeed,  among  organic  com- 
■'jnds  there  are  hundreds,  yes  thousands,  of  cases  in  which 
'10  or  even  several  totally  different  substances  have  the  same 
.i.rientage  composition  and  the  same  molecular  weight  and 
"I  consequence  the  same  formula,  Such  pairs  or  groups  of 
jb^tances  are  caUed  isomers.  In  consequence  we  speak  of 
ihc  isomerism  of  methyl  ether  and  ethyl  alcohol.  We  shall 
nal  consider  some  theoretical  matters  with  the  object  of 
developing  an  explanation  of  the  remarkable  phenomenon  of 
Mmerism. 

648.  The  Valence  of  Carbon. — If  we  consider  the  six  com- 
iwunds  of  carbon,  CH„  CM,.  C.H.,  CM<.,  C^Hc,  and  C,Hg  {see 
Table  IV,  63),  we  shall  have  much  difficulty  in  deciding  upon 
the  valence  of  carbon.  In  CH,,  assuming  the  valence  of  hydro- 
gen lo  he  one,  carbon  e\idently  has  a  valence  of  four,  but  this 
vahcdoes  not  seem  to  harmonize  with  the  formulae  of  the  other 
substances.  Consistent  conclusions  are  to  be  reached  only  by 
conadering  the  question  of  the  graphic  formulae  of  the  substances 
'W).  If  we  start  with  the  plausible  assumption  that  carbon 
has  a  valence  of  four,  while  hydrogen  and  chlorine  each  have 
unit  valence,  we  may  write,  as  the  graphic  formulae  of  methane 
^nil  the  substances  formed  from  it  by  the  action  of  chlorine,  the 
fi>ll(iwing: 


H 

i 

H— C— CI 

I 
CI 


H 

I 
-C— CI 


CI 

I 

CI-C-Cl 

I 

CI 


Since  we  write  for  water  the  graphic  formula 
H^O— H, 
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thereby  assuming  the  valence  of  oxygen  to  be  two,  we  ma> 
write  for  methyl  alcohol,  CH4O  (645),  the  graphic  formula 

H 
H— C— O-H 
H 

It  seems  probable  that  these  graphic  formulae  show  the  actuaJ 

relations  of  the  atoms  to  one  another  in  the  molecule.    If  so, 

they  show  the  structure  of  the  molecule,  and  in  consequence 

they  may  be  called  structural  formulae.    As  stated  earlier  (323), 

the  lines  joining  the  symbols  in  such  formulae  are  called  bonds. 

Only  one  possible  arrangement  of  two  atoms  of  carbon  and 

six  atoms  of  hydrogen  (CaHe)  satisfies  the  condition  that  the 

valence  of  carbon  is  four  and  that  of  hydrogen  one,  namely  the 

following: 

H    H 


H— C— C— H 

I       I 
H    H 

This  is  therefore  the  accepted  formula  of  ethane  (643). 

649.  The  Structural  Formulae  of  Ethyl  Alcohol  and  Methyl 
Ether. — Ethyl  alcohol  and  methyl  ether  are  both  represented 
by  the  simple  formula  CaHeO.  There  are  two  structural 
possibilities: 

H    H  H  H 


H— C— C— O-H  and  H— C-O— C— H 

II  II 

H    H  H  H 

Since  methyl  alcohol  is 

H 


H— C— O— H 

I 
H 

and  since  methyl  and  ethyl  alcohol  show  similar  chemical 
behavior,  we  may  assume  provisionally  that  the  first  of  the 
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preceding  formulae  is  that  of  ethyl  alcohol  and  the  second  that 
of  methyl  ether. 

The  formation  of  ethyl  ether  from  ethyl  alcohol  could  then 
lie  considered  to  take  place  by  the  removal  of  a  molecule  of 
Tater  from  each  pair  of  alcohol  molecules,  thus: 

H    H  H   H 

I       , I       I 

H— C— C— O-fH+H— 0-!-C— C— H 

I       I  i ?    I      I 

H    H  H   H 

lu'ch  leads  to  the  following  as  the  formula  for  ethyl  ether, 
H..0: 

H   H  H   H 

t      1  II 

H— C— C— O— C— C— H 
II  II 

H    H  H    H 

i  conclusion  is  supported  by  the  fact  that  this  formula  is 
entirely  analogous  to  that  assigned  to  methyl  ether.  In  general. 
the  structure  of  the  molecules  of  any  substance  is  discovered 
by  a  study  of  its  reactions  and  mode  of  synthesis. 

650.  The  Cause  of  Isomerism. — Isomerism  finds  a  simple 
explanation  in  the  assumption  that  the  atoms  composing  mole- 
cules of  isomers  are  arranged  in  two  (or  more)  ways,  each  in 
harmony  with  simple  valence  laws.  Hundreds  of  cases  of 
isomerism  are  all  adequately  explained  in  this  fashion. 

651.  Discussion. — We  have  now  seen  how  a  number  of  the 
simpler  organic  compounds  can  be  obtained  from  natural  sources. 
We  have  also  learned  a  little  regarding  the  reactions  of  organic 
substances. 

The  disclosure  of  the  isomerism  of  ethyl  alcohol  and  methyl 
ether  demanded  an  explanaUon  which  was  found  in  the  assump- 
tion that  the  atoms  of  a  molecule  are  joined  to  one  another  in 
definite  fashion  and  always  in  accord  with  simple  fixed  rules  of 
valence, 

The  importance  of  structural  formulae  to  the  chemist  can 
well  be  illustrated  with  the  examples  of  methyl  ether  and  ethyl 
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alcohol.    The  OH  group  attached  to  a  carbon  atom  which  carries 
no  other  oxygen  atom  is  called  an  alcohol  group.    When  slu 
organic  chemist  sees  this  group  in  a  structure  he  knows  that  the 
substance  must  have  the  properties  of  an  alcohol  modified  to 
some  degree,  according  to  what  other  groups  are  near  it  in  the 
molecule  in  question.    An  oxygen  atom  joined  on  either  hand 
to  a  carbon  atom  which  carries  no  other  oxygen  atoms  is  the 
group  characteristic  of  the  oxygen  ethers.    The  latter  are  very 
different  substances  from  alcohols  and  have  their  own  character- 
istics.   Thus  at  a  glance  the  trained  chemist  can  read  the  char- 
acteristics of  a  substance  by  observing  the  arrangements  of  the 
atoms  in  the  structure  formula  of  the  molecule  and  recognizing 
groups  which  have  pronounced  characteristics. 

Most  of  the  substances  encountered  in  preceding  chapters 
belong  to  one  or  another  of  five  principal  classes:  elements,  oxides, 
acids,  bases,  or  salts.  Among  organic  compounds  we  fijid  a  large 
number  of  new  and  important  classes.  The  paraffine  hydro- 
carbons, C^Han+a,  Starting  with  methane  form  the  simplest  class 
of  organic  substances.  The  halogen  derivatives  like  methyl 
chloride,  CH3CI,  and  chloroform,  CHCI3,  form  another  class. 
The  alcohols  and  the  ethers  are  also  important  classes.  The 
balance  of  this  chapter  will  be  devoted  to  the  brief  description 
of  several  other  classes  of  carbon  compounds.  It  is  necessary 
that  the  student  should  have  at  least  a  slight  acquaintance 
with  the  more  important  classes  of  organic  substances  if  he 
wishes  to  get  an  insight  into  the  nature  of  foodstuffs,  as  well  as 
of  those  organic  substances  which  play  so  important  a  r61e  in 
our  modern  daily  Ufe.  Among  the  latter  are  found  medicinals, 
dyes,  explosives,  photographic  developers,  perfumes,  poisons,  etc. 

It  is  not  to  be  expected  that  the  student  who  reads,  however 
carefully,  the  balance  of  this  chapter  will  get  very  definite  ideas 
of  the  methods  of  preparation  and  properties  of  the  various 
classes  of  substances  there  described.  Familiarity  with  organic 
substances  can  be  gained  only  by  prolonged  and  detailed  study 
in  both  text  and  laboratory.  Our  object  in  presenting  the  topics 
about  to  be  discussed  will  be  largely  attained  if  we  impress  ujx)n 
the  student  that  carbon  forms  an  enormous  variety  of  com- 


I 

I     I 
1 

^  freqi 

pi 
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pounds,  thai  these  compounds  arc  o(  knon-n  molecular  stniclurc. 
that  they  fall  into  dc&nite  classes  aa~or(Iin|t  to  the  prcsfiuc  in 
ihem  of  certain  active  groups  of  atoms,  and  that  the  mcm)>crt 
of  each  class  show  similar  behavior,  namely,  that  of  the  acu'vo 
[poups,  the  characteristics  of  each  of  which  may  be  nuxHIiocl 
somewhat  according  to  the  nature  of  other  groups  present  in 
ihesame  molecule. 

In  what  follows,  bonds  between  characteristic  groups  will 

frequently  be  represented  by  dots  or  entirely  omitted.     Thus 

OH  will  be  written  CHj  ■  OH,  or  for  atill  greater  simplicity 

,0H. 

652.  Aldehydes. — The  mild  oxidation  of  ethyl  alcohol  glvc« 
icetaldehyde.  The  reaction  is  best  carried  out  with  a  mbtturc 
of  a  (iichromate  and  sulfuric  acid.  Omitting  detaiU,  the  c(|Un- 
tioDis 

CH,  ■  CH,  ■  OH+0->CH,  •  CO  ■  H+HA 

Atelaidehyde  is  a  very  volatile  liquid. 

The  oxidation  of  methyl  alcohol.  CH,OH,  gives  the  closely 
related  substance  fonnaldehyde,  H  -  CO  ■  H.  This  is  a  gas  of 
pungent  odor  which  comes  on  the  market  as  a  40  per  cent  >olu- 
tiao  in  water  called  formaBn.  It  is  extensively  used  as  1. 
gfnnkide  and  antiseptic  aod  also  in  the  manufacture  erf  other 
important  organic  substances.  In  general,  ibe  oxidation  of  any 
alcohol  of  tbe  formula  K  •  CH,  -  Olf,  where  R  b  H  or  a  hydro- 
carbon  radical,  as  for  example  C3s  or  C,H„  ffvt*  an  aitUbyde, 
R  •  CO  •  H.  The  aldehydes  are  good  rcdadng  sfftnto  btaam 
they  are  readily  oridiwl  to  tbe  correspoodiagc  adds.  For 
example,  acetaldchyvfe  may  be  addtzcd  by  aAaMa  agoMs  to 
acetic  acid: 

CH,  •  CO  •  B-t-0-»C%  '  CO  -  OH. 

6s^  Aeetie  tad,  BC^fi,.~M  stated  earSer  (tff),  aettic 
acid  is  tbe  nmt  imporunc  eompcaeaC  •<  vfaqpv,  of  whfck  H 
forms  abootf  pvcese.  CUar  itea^r  it  mhIr  Ipmn  cider,  tt* 
juice  of  affia-    T6c  swnsatm  of  fnA  drier  fe  dba  to  0mMtf. 

L'poo  stUK&iig  wvnaf  Oay^  the  ^—r  gndaaXfy  tmmti^, 
owing  to  the  gniwtli)  (k  yeaat,  Ae  gmu  M  n^ieh  ax*  i^mfit 
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present  in  the  dust  of  the  air,  the  glucose  changing  to  alcohol  and 
COa.  The  fermented  product  is  popularly  known  as  hard  cider* 
If  hard  dder  is  allowed  to  stand  in  an  open  or  loosely  stoppered 
vessel  it  changes  in  a  few  weeks  into  vinegar.  This  change  is 
the  result  of  the  oxidation  of  alcohol  to  acetic  acid: 

CaH60+Oa->HCaH,0,+HaO. 

The  oxidation  requires  the  assistance  of  a  catalytic  agent  pro- 
duced by  the  so-called  vinegar  plant,  or  mother  of  vinegar 
(micoderma  aceti).  "White  distilled  vinegar"  is  made  from 
dilute  alcohol  produced  from  corn,  substantially  in  the  manner 
already  described  (640).  The  dilute  alcohol  is  allowed  to  trickle 
slowly  through  large  casks  filled  with  beechwood  shavings, 
coated  with  the  slimy  mother  of  vinegar,  while  oxygen  is 
furnished  by  a  countercurrent  of  air  that  enters  near  the  bot- 
tom and  passes  out  at  the  top  of  the  cask.  This  so-called 
"quick  process"  produces  finished  vinegar  in  eight  to  ten  days. 
Pure  acetic  acid  is  a  colorless  liquid  having  a  sharp,  char- 
acteristic odor.  When  free  from  water  it  solidifies  at  17*^  to 
glassy  crystals  called  glacial  acetic  acid.  We  have  already 
studied  the  reactions  of  solutions  of  acetic  acid  and  its  salts 

(157,424,456). 

654.  The  Graphic  Formula  of  Acetic  Acid. — Expressed  graphi- 
cally, we  have  as  the  equation  for  the  oxidation  of  alcohol, 

H    H  H 

II  I 

H— C— C— O—H-f0a->H— C— C-O— H-f-HaO 

II  I      II 

H   H  HO 

The  group  —  C  — OH,  or  briefly  —CO  •  OH,  is  the  carbozyl 

O 

radical.  One  of  the  oxygen  atoms  of  acetic  add  is  said  to  be 
attached  to  one  of  the  carbon  atoms  by  a  double  bond  (324). 
Of  the  four  H  atoms  of  acetic  acid,  one  occupies  a  unique  posi- 
tion in  that  it  is  attached  to  an  atom  of  0,  while  the  others  are 
attached  to  one  of  the  carbon  atoms.    Since  only  one  of  the  H 
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atoms  of  the  molecule  is  ionizable  we  may  safely  conclude  that 
it  is  the  one  attached  to  oxygen. 

655.  The  Fatty  Acids. — ^There  is  a  series  of  adds  closely 
related  to  acetic  add,  all  having  a  carboxyl  radical  attached 
to  a  hydrocarbon  radical.  The  general  formula  of  such  adds 
is  R  •  CO  •  OH,  where  R  stands  for  hydrogen  or  any  hydro- 
carbon radical  such  as  CaHj,  C3H7,  C4H9,  etc.  The  names  and 
formulae  of  a  few  of  the  more  important  are  given  in  Table  XXX. 

TABLE  XXX 

Formic  add H  •  CO  •  OH. 

Acetic  add CH,  •  CO  •  OH 

Propionic  add CaHj  •  CO  •  OH 

Butyric  acid C^H,  •  CO  •  OH 

Pahnitji^dd CxsH„  •  CO  •  OH 

Stearic  add CxjHjs  •  CO  •  OH 

These  adds  are  known  as  fatty  acids,  because  some  of  them  are 
obtained  from  fats  (680). 

656.  Ketones. — Calciiun  acetate,  Ca(CaH,02)a,  is  an  impor- 
tant artide  of  commerce  made  by  the  action  of  acetic  acid  on 
limestone  (CaCOj).  When  calcium  acetate  is  strongly  heated 
it  decomposes  into  CaCOj  and  acetone,  CjHaO: 

Ca(CaH30a)a  ">  CaCO,+ CjHftO. 

The  acetone  distils  off  and  is  condensed  to  a  liquid.  Purified 
acetone  is  a  colorless  liquid  of  mild  but  peculiar  odor.  It  boils 
at  56°.  It  mixes  with  water  or  alcohol  in  all  proportions.  It  is 
an  excellent  solvent  for  many  organic  substances,  and  it  is  also 
used  in  the  preparation  of  several  important  organic  compounds, 
of  which  chloroform  is  one.  The  structural  formula  of  acetone 
is  indicated  by  its  formation  from  calcium  acetate: 


H  H         H 

-cJ-C— H^H— C— C— C— H+Ca 

II      I  I      11      I 

OH  H    O    H 


<>-o 
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Acetone  is  the  simplest  member  of  a  class  of  substances  called 
ketones.  The  general  formula  for  a  ketone  is  R,  •  CO  •  R, 
where  R,  and  Ra  represent  the  formulae  of  hydrocarbon  radicals. 
In  acetone  R,  and  R2  are  both  methyl,  CH3;  but  if,  say,  Ri  is 
ethyl,  CaHj,  and  Ra  is  propyl,  C3H7,  the  formula  of  the  ketone 
would  be  CaHs  •  CO  •  C3H7. 

Ketones  are  closely  related  to  aldehydes,  since  if  Ra  is  H  we 
have  Rx  •  CO  •  H,  the  formula  of  an  aldehyde.  They  are 
reducing  agents  but  are  not  as  active  as  aldehydes. 

657.  Esters. — ^The  esters  are  an  important  class  of  com- 
pounds, inasmuch  as  all  animal  and  vegetable  fats  and  oils  are 
included  therein.  One  of  the  simplest  esters,  ethyl  acetate, 
CHjCOOCaHj,  is  obtained  by  the  action  of  ethyl  alcohol  on 
acetic  acid: 

CH,  .  CO  •  OH+CaHs  •  0H->CH3  •  CO  •  OCaHs+H,0. 

Ethyl  acetate  is  a  colorless  liquid,  boiling  at  75°.    It  has  a 
ratier  pleasant  odor  and  is  somewhat  soluble  in  water. 

Just  as  most  acids  can  form  salts  with  most  bases,  so  most 
acids  can  form  esters  with  most  alcohols.  However,  alcohols 
are  not  bases,  since  they  do  not  yield  OH"  ions,  and  esters  are 
not  salts.  Their  water  solutions  are  not  ionized,  and  they  do 
not  give  the  ionic  reactions  shown  by  solutions  of  the  acids  from 
which  they  are  derived.  The  formation  of  esters  requires  in 
general  the  stimulus  of  H"*"  ions  as  a  catalytic  agent.  In  mak- 
ing ethyl  acetate  we  add  to  the  mixture  of  acetic  acid  and  alcohol 
some  HCl  or  HaS04.  The  union  of  acetic  acid  and  alcohol  does 
not  take  place  completely  but  reaches  equilibrium  when  about 
two-thirds  of  the  possible  amount  of  ester  has  been  formed. 
This  is  because  the  reaction  is  reversible. 

The  change  of  ester  and  water  into  acid  and  alcohol  is  pro- 
moted by  the  presence  of  much  water  and  also  by  the  catalytic 
influence  of  acids.  The  speed  of  ester  formation  and  also  the 
speed  of  reaction  of  ester  and  water  are  greatly  increased  with 
increase  of  temperature. 

Methyl  acetate,  CH3CO  •  OCH3,  closely  resembles  ethyl 
acetate.    It  is  miscible  with  water  in  all  proportions.     Other 
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r  esters,  including  fats  and  oils,  will  be  considered  in  the  n«t 
chapter. 
658.  Amines. — The  amines  are  derivatives  of  ammonia  and, 
I  like  the  latter,  are  base-forming  substances  capable  of  yielding 
■latts  with  acids.  The  simplest  member  of  the  class  is  methyl 
Kimiiie,  CHjNHi.  If  methyl  iodide  (660)  and  ammonia  are 
I  mixed  they  unite  to  form  methyl  ammonium  iodide: 

CHjI+NHj-^CHjNHJ. 

fTTie  product  is  a  soluble  salt  of  the  base  CHj.VHjOH.  This 
istable  base,  which  is  set  free  by  the  action  of  sodium  hydroxide 
r<n  the  salt,  easily  dissociates  into  methyl  amine  and  water. 
Methyl  amine  is  a  colorless  gas  with  an  odor  resembling  ammonia. 
It  is  abundantly  soluble  in  water,  with  which  it  partially  unites, 
thus: 

CH,  •  NH,+H,0--CHj  •  NHi  ■  OH. 

Ethyl  iodide,  C,HjI,  and  ammonia  give  ethyl  ammonium 
iodide,  C,Hj  •  NHj  ■  I,  from  which  we  readily  obtain  ethyl 
smifle,  CiHs  •  NH„  a  substance  closely  resembling  methyl 
amine. 

Methyl  amine  acts  on  methyl  iodide  as  follows: 

CHj  ■  NH,-t-CHjI-»(CH,)J«I,I, 

from  which  dimethyl  amine,  {CH,),NH,  is  obtained  by  the 
acdon  of  alkali.  Dimethyl  amine,  by  further  action  of  methyl 
iodide,  )ieids  (CHj)jXHI,  from  which  by  the  action  of  alkali 
»e  get  trimethyl  amine,  (CHJjN"  (get).  Amines  of  various  kinds 
are  usually  found  among  the  products  of  decomposition  of 
proteins  (685).  Trimethyl  amine,  for  example,  is  contained  in 
herring  brine. 

659.  Amides. — The  interaction  of  ethyl  acetate  and  ammonia 
>es  acdunide  and  alcohol: 

CH,COOC^+ NH,  -*  CH,CONH,+C4I,OH. 

e  is  also  easily  made  by  diitHling  ammonium  acetate: 
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The  substance  is  a  white  crystalline  solid  easily  soluble  in  waterJi 
It  unites  with  hydrochloric  acid  to  form  a  saltlike  compound, 
CHjCONHjCl.  This  fact  shows  tbat  the  NH,  radical  in  an 
amide  has  still  some  basic  properties. 

Most  organic  acids  and  some  tmneral  acids  are  able  to  form 
amides.  Carbonic  add,  for  example,  forms  the  amide  CO{NH,),. 
This  important  substance  is  commonly  known  as  urea.  By  far 
the  larger  part  of  the  nitrogen  content  of  the  food  of  all  animals 
is  excreted  as  urea.  Urea  reacts  slowly  with  water  to  form 
ammonia  and  carbon  dioxide:  ^J 

CO(NH,),+H,0->2NH3+CO..  ^ 


I 


660.  Ethylene,  CjH^. — A  modification  of  the  process  of  mak- 
ing ether  (642)  yields  ethylene.  To  make  ethylene,  a  mixture 
of  alcohol  with  six  parts  by  weight  of  concentrated  sulfuric  acid 
is  heated  to  165",  and  a  mixture  of  one  part  of  alcohol  to  two 
parts  of  sulfuric  add  is  dropped  in  slowly.  The  gas  C^H,  is 
given  off.  The  reactions  in  this  case  are  probably  also  complex, 
but  the  net  result  is  the  decomposition  of  alcohol  into  water  and 
ethylene : 

CHsO^HjO+CH.. 


Ethylene  is  a  colorless  gas  nearly  insoluble  in  water.  It  burns 
with  a  luminous  flame.  It  gives  several  interesting  and  impor- 
tant reactions.     With  CI,  it  unites  to  form  ethylene  chloride: 

C,H,+  C1.-*C,H,C1„ 


,  oil-like  liquid,  boiling  at  84°.  Ethylene  chloride  is 
insoluble  in  water.  It  has  none  of  the  properties  of  a  salt. 
Ethylene  also  unites  with  bromine,  thus: 


C,ri-i-Br,-*C,H,Br,. 


The  product,  ethylene  bromide,  resembles  the  chloride.  Eth- 
ylene and  HBr  unite  readily  to  form  CHjBr,  ethyl  bromide,  a 
liquid  boiling  at  38°: 

CJJ4-|-HBr->C,HiBr. 
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Ethylene  and  HI  give  ethyl  iodide,  boiling-point  72^: 

Neither  ethyl  bromide  or  ethyl  iodide  has  any  of  the  properties 
of  a  salt.  Methyl  iodide,  CH3I,  closely  resembles  ethyl  iodide. 
It  is  used  in  the  preparation  of  other  organic  compounds  (658). 
661.  The  Structural  Formula  of  Ethylene.— The  fact  that 
ethylene  unites  with  chlorine,  hydrobromic  acid,  etc.,  leads  to 
the  conclusion  that  two  of  the  valence  bonds  of  the  carbon 
atoms  of  the  C2H4  molecule  are  either  free, 

H    H 

I      I 
H— C— C— H, 


or,  more  probably,  are  attached  to,  or  satisfied  by,  one  anothei 
so  as  to  form  a  double  bond  (324)  between  the  two  carbon  atoms : 

H    H 

I 
=C— H. 


In  the  reaction  with  chlorine,  for  example,  the  extra  bonds  unite 

with  chlorine  to  give 

H    H 


H— C— C— H. 

I      I 
CI   CI 

662.  The  Ethylene  Series,  CnB^. — ^A  long  series  of  hydro- 
carbons which  have  twice  as  many  H  as  C  atoms  per  molecule 
and  of  which  the  first  member  is  C2H4  is  known.  The  second 
member  is  propylene,  CH3  —  CH=  CHa.  There  are  theoretic^y 
just  three  butylenes,  C4H8: 

(i)  CH3  •  CHa .  CH=CH, 
(2)  CH,  •CH=CH.CH, 


CH3- 


(3)  >C=CHa 
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These  are  all  known.    All  of  the  members  of  this  series  unite 
with  Cla,  Bfa,  HI,  etc.    For  example, 

CH3-CHa-CH=CHa+Cla->CH3-CH,-CHCl-CHaCl. 

663.  The  Acetylene  Series,  CnHan-a. — ^The  acetylene  series 
of  hydrocarbons  has  the.general  formula  C»Ha«-a.  It  is  headed 
by  acetylene,  CaHa  (49,  83).  It  is  probable  that  the  four  extra 
valence  bonds  of  acetylene, 

H— C— C— H, 


are  united  in  pairs,  so  that  the  carbon  atoms  are  joined  by  a 
triple  bond, 

H— C=C— H. 

In  accord  with  this  view  we  should  expect  acetylene  to  unite 
with  chlorine,  thus: 

CI   CI 


H— C=C— H+  2Cla->H— C— C— H 

CI    CI 

and,  in  fact,  it  actually  behaves  in  this  way.  Because  of  the 
fact  that  C2H4  and  CaHa  have  unsatisfied  valences,  as  shown 
by  their  union  with  Cl^  HBr,  etc.,  these  hydrocarbons  are  said 
to  be  unsaturated. 

664.  Isomerism  of  Hydrocarbons. — ^AU  of  the  compounds 
CnHaw+a,  whcre  n  is  four  or  more,  can  exist  in  two  or  more 
isomeric  forms.  The  simplest  case  is  that  of  the  butanes, 
C4HX0,  of  which  two  are  known:  normal  butane, 

CH3  —  CHa  —  CHa  —  CH3, 

and  isobutane, 

yCH^CH3. 

ch/ 
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There  are  three  isomeric  pentanes: 

(i)  CH3 .  CH, .  CH,  •  CHa  •  CH, 

CH,v 

(2)  >CH-CHa-CH, 
CH/ 

CH, 

(3)  CH,— C— CH3 

I 
CH, 

The  first  of  these  is  said  to  have  a  straight  carbon  chain;  the 
second  and  third  have  branched  chains.  The  B.P.  and  M.P. 
columns  of  Table  XXVIII  (643)  refer  to  the  normal  hydro- 
carbons, with  straight  chains. 

665.  Some  Common  Organic  Acids. — ^We  shall  now  briefly 
describe  several  of  the  commoner  organic  acids.  The  simplest 
fatty  add  is  formic  acid,  HCOOH.  It  is  present  in  the  bodies 
of  ants  and  constitutes  the  poison  of  bees'  stings.  It  can  be 
made  artificially  in  several  ways.  It  is  a  colorless  liquid  dis- 
solving easily  in  water  to  form  a  moderately  well-ionized  acid 
solution. 

Oxalic  acid,  H2C2O4,  is  a  white  crystalline  substance.     Its 

structural  formula  is 

COOH 

COOH. 

It  is  a  dibasic  acid  (102),  forming  both  acid  and  neutral  salts, 
as  for  example  NaHC204  and  NaaCa04.  The  free  acid,  which  is 
easily  soluble  in  water  and  rather  highly  ionized,  crystallizes 
from  water  as  a  hydrate  of  the  formula  HaC204  •  2HaO.  The 
acid  is  decidedly  poisonous,  probably  because  of  the  ease  with 
which  it  decomposes  into  the  powerful  poison  carbon  monoxide 
(632)  and  water: 

H,Ca04->HaO+2CO. 

This  decomposition  takes  place  rapidly  when  the  acid  is  heated 
with  concentrated  sulfuric  acid,  and  so  affords  a  good  way  of 
making  carbon  monoxide.    Oxalic  acid  occurs  in  some  plants. 
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The  chief  acid  present  in  sour  milk  is  lactic  acid,  the  graphic 
formula  of  which  is  CH3  •  CHOH  •  COOH.  It  gives  a  colorless 
water  solution  of  a  pleasant  sour  taste.  Tartaric  acid,  a  dibasic 
acid  having  the  formula  H2C4H4O6,  is  abundant  in  grapes  in  the 
form  of  its  acid  potassium  salt,  KHC4H4O6.  This  salt  is  obtained 
as  argol  in  large  amount  in  the  manufacture  of  wine.  The 
refined  salt  is  known  as  cream  of  tartar.  High-grade  baking 
powder  is  a  mixture  of  cream  of  tartar  and  sodium  bicarbonate. 
The  dry  mixture  is  fairly  stable.  In  the  presence  of  water  the 
substances  react  thus: 

KHC4H406+NaHC03->KNaC4H406+CO,+H,0. 

The  leavening  power  of  baking  powder  is  due  to  the  COa  given 

off  (cf.  593).    Tartaric  acid  forms  colorless  crystals  easily  soluble 

in  water.    Its  graphic  formula  is 

O 

•  1 1 

COOH  C • OH 


CHOH 

H  •  C  •  OH 

or 

CHOH 

H  •  C  •  OH 

COOH  C-OH 

II 

o 

Citric  acid,  H3  •  C6H5O7,  is  the  acid  of  lemon  and  other 
citrus  fruits.  It  is  a  tribasic  acid  (159)  rather  closely  resembling 
tartaric  acid  but  having  a  more  complex  formula.  Prussic  or 
hydrocyanic  acid,  HNC,  is  an  extremely  poisonous  and  very 
weak  acid.  Its  salts,  sodium  cyanide,  NaNC,  and  potassium 
cyanide,  KNC,  are  made  from  calcium  cyanamid  (526).  Both 
salts  react  readily  with  either  oxygen  or  sulfur,  forming  the 
corresponding  cyanate  or  sulfocyanate  respectively: 

2KNC+Oa->2KNCO, 

KNC+S->KNCS. 

The  cyanide  ion  unites  with  many  metal  ions  to  form  com- 
plex cyanide  ions.    Salts  containing  these  ions,  such  as  potaa- 
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feiTOcyanide,    KjFe(CN)6,    and   potassium   fenicyanide, 

fc,Fe(CN)6,  are  important  analytical  reagents. 
666.  The  Aliphatic  and  Aromatic  Series  of  Organic  Com- 
pounds.—Broadly  speaking,  organic  compounds  constitute  two 
great  series,  the  aliphatic  and  the  aromatic.  The  substances 
thus  far  mentioned  are  all  members  of  the  aliphatic  series.  We 
may  consider  that  the  paraffin  hydrocarbons,  C,H„+i,  are 
the  fundamental  substances  from  which  all  aliphatic  compounds 
are  derived.  Thus  paraffin  hydrocarbons  by  loss  of  two 
hydrogen  atoms  per  molecule  give  members  of  the  ethylene 

series,  C«Ha,,  or  by  loss  of  four  hydrogen  atoms  per  molecule 

TABI,E  XXXI 

PorniuU  of  Typicil 
Qua  of  Conipoiind  Compoima 

Hydrocarbon CH,  ■  H 

Halide CH,  ■  CI 

Alcohol CHi-OH 

Aldehyde CH,  ■  CO  -  H 

Add CH,  ■  CO -OH 

Ester CH,  ■  CO  •  OCH, 

Amide CH,  ■  CO  •  NH. 

Ether CH,  •  O  ■  CH, 

Ketone CH,  ■  CO  ■  CH, 

Amine CH, -NH, 

tve  members  of  the  acetylene  series.  Substitution  of  hydrogen 
by  halogens  or  by  various  radicals  such  as  methyl,  CHj; 
bydraxyl,  OH;  carboxyl,  COOH;  amid,  NH,;  etc.,  gives  rise 
to  the  various  classes  of  compounds  already  briefly  studied. 

Table  XXXI  shows  the  formulae  of  tj-pical  members  of  the 
rnost  important  classes  of  aliphatic  compounds. 

Instead  of  the  methyl  radical,  CH,  (Table  XXXI),  we  may 
have  ethyl,  C,Hj,  propyl,  CjH;,  or  any  radical  derived  from  any 
hydrocarbon  in  each  case  and  thus  obtain  a  very  great  variety 
of  substances.  All  of  these  substances  belong  to  the  aliphatic 
scries. 

The  aromatic  compounds  differ  from  the  aliphatic  in  that 
they  are  derived  from  hydrocarbons  entirely  different  from  the 
paraSins.  The  most  fundamental  and  characteristic  aromatic 
iydrocarbon  is  benzene. 
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667.  Benzene,  QHe. — Benzene  is  a  colorless  liquid,  boilii^  ' 

at  79°  and  practically  insoluble  in  water.  It  Is  a  by-product  of 
the  manufacture  of  coke  and  coal  gas  (634),  When  coal  is 
heated  in  the  absence  of  air  it  yields,  in  addition  to  coke  and 
gas,  a  large  amount  of  black  liquid  tar.  By  the  distillation  of 
tar  a  number  of  very  important  aromatic  hydrocarbons  are 
obtained.  One  of  the  most  useful  of  these  is  benzene.  We 
shall  give  the  structural  formula  of  benzene  without  attempting 
to  justify  our  reasons  therefor,  since  that  story  (although  a 
most  interesting  one)  is  entirely  too  long  for  this  text.  This 
formula  is 


H 


L 


H 


J 


It  represents  a  ring  of  six  carbon  atoms,  with  three  single  and 
three  double  bonds,  and  sbc  hydrogen  atoms,  one  attached  to 
each  atom  of  carbon. 

Benzene  differs  from  the  paraffine  hydrocarbons  (which  are 
very  inacti\'e)  in  being  remarkably  active  chemically.  This 
activity  is  shown  in  two  ways:  (i)  by  substitution  of  various 
radicals  for  one  or  more  hydrogen  atoms  of  each  molecule,  and 
(2)  by  addition  after  the  manner  of  unsaturated  compounds 
(660)  but  much  less  readily. 

668.  Other  Aromatic  Hydrocarbons. — Next  to  benzene  the 
simplest  aromatic  hydrocarbon  is  toluene,  or  methyl  benzene,  ■f 
CsHsCHj,  the  structural  formula  of  which  is 
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^In  order  to  save  labor  the  CtHj  radical  is  frequently  represented 
graphically  by  a  hexagon  called  the  benzene  ring,  so  that  the 
formula  of  toluene  is  written  thus: 


Toluene  is  a  liquid,  boiling  at   no"  and  closely  resembling 

benzens.    It  is  obtained  from  coal  tar.    Xylene,  also  obtained 

rom  the  same  source,  is  dimethyl  benzene,  C6H,(CHj),.    In 

riting  the  structural  formula  of  xylene  we  note  that  there  are 

Me  arrangements: 

CHj  CHj 

^CH,  I 


CH, 


CH. 


CHj 


'  As  a  matter  of  fact  three  different  xylenes  are  known.  These 
are  called  ortho,  meta,  and  para  xylene,  respectively  written 
o-xylene,  m-zylene,  and  p-xylene. 

669.  Naphthalene,  C,„Hs- — Naphthalene  is  a  white  crystalline 
substance  obtained  from  the  high-boiling  portion  of  coal  tar. 
ll  is  extensively  used  in  the  household  under  the  name  of 
nurth  balls.    Its  structure  is  represented  thus: 


H 


H 


C 


CH 

I 
CH 


H 


A.S  great  a  variety  of  organic  substances  are  derived  from 
naphthalene  as  from  benzene.  For  example,  we  have  two 
ttiethyl  naphthalenes,  C„H,  ■  CHji 

CHj 


CO     CO' 
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The  first  is  called  alpha  and  the  second  beta  methyl  naphthalene. 
Naphthalene  and  its  derivatives  are  important  starting  materials 
for  the  manufacture  of  dyestuffs. 

670.  Aromatic  Alcohols  and  Aldehydes. — ^Toluene,  CeHs  • 
CH3,  can  be  considered  as  derived  from  methane,  CH4,  by 
the  substitution  of  the  phenyl  radical,  CeHj,  for  one  hydro- 
gen atom  of  CH4.  The  substitution  of  CeHj  for  H  in  methyl 
alcohol,  CH3  •  OH,  would  give  CeHs  •  CHa  •  OH.  The  sub- 
stance actually  exists  and  is  known  as  benzyl  alcohol.  Like 
other  alcohols,  it  can  be  oxidized  to  an  aldehyde  called  benzal- 

dehyde: 

C6Hs  .  CHa  •  OH-fOa->C6Hs  .  CO  .  H-fHaO. 

This  aldehyde  is  identical  with  the  principal  constituent  of 
the  oil  of  bitter  almonds.  Benzaldehyde  can  be  made  from 
toluene  by  converting  the  latter  into  a  chlorine  compound  and 
then  treating  this  product  with  water: 

CeHs  •  CH,-f2Cla->C6Hs  •  CHCU-f  2HCI, 
C6H5  •  CHCla+HaO->C6Hs  .  CO  •  H+2HCL 

Benzaldehyde  is  slowly  oxidized  by  contact  with  air  to  form 
benzoic  acid,  CeHj  •  CO  •  OH: 

2C6H5  .  CO  •  H-f  Oa->2C6Hs  •  CO  •  OH. 

671.  Benzoic  Acid,  CJSL^  •  CO  •  OH. — ^This  important  add 
is  a  white  crystalline  solid  which  can  be  made  in  several  ways  in. 
addition  to  the  one  just  mentioned.    It  i§  used  extensively  in^ 
the  form  of  its  sodium  salt,  sodium  benzoate,  CeHjCO  *  ONa^ 
as  a  preservative  for  catsup  and  other  articles  of  food.    It  can. 
be  used  legally  in  the  United  States  as  a  food  preservative  if  it^ 
presence  is  indicated  on  the  label.    It  occurs  naturally  as  m^ 
constituent  of  cranberries. 

Benzoic  acid  forms  salts  with  bases  of  all  kinds.  Witt»- 
alcohols  it  forms  esters.  The  latter  are  fragrant  liquids.  Ethjr3- 
benzoate,  CeHj  •  CO  •  OC3H5,  is  a  colorless  liquid,  boiling  at  211*^  ^ 

672.  Phenol,    CcHj  •  OH. — Phenol    (popularly    known 
carbolic  acid)  is  contained  in  coal  tar,  from  which  it  is  separate 
in  crude  form  by  distillation.    Phenol  is  also  made  on  a  largj 
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scale  from  benzene.    The  latter  substance  reacts  slowly  with 
sulfuric  acid,  forming  benzene  sulfonic  acid  and  water,  thus: 

C6H6+HaS04  ->  CeHsSOaOH+HaO. 

The  product  is  an  acid  the  sodium  salt  of  which  when  fused  with 
sodium  hydroxide  gives  phenol: 

C6H5SOaONa+NaOH  ->  CeHsOH+NaaSOj. 

Phenol  is  a  white  crystalline  substance  having  a  peculiar,  char- 
acteristic odor.  It  is  moderately  soluble  in  water.  It  is  a 
violent  poison  and  is  extensively  used  as  a  germicide.  Phenol 
is  a  very  weak  acid  and  forms  salts  with  strong  bases: 

CfiHsOH+NaOH  ->  CeHsONa+HaO. 

It  is  interesting  to  contrast  phenol  and  ethyl  alcohol.  -The 

fonnulae  of  the  two  substances 

H 

H    H  /^\ 

I  I  HC        COH 

H— C— C— OH  II         I 

II  HC        CH 
H    H  X^/ 

H 

show  that  both  contain  the  hydroxyl  radical  united  to  a  hydro- 
^rbon  radical.  In  consequence  we  might  expect  similar 
properties,  but  we  find  quite  the  contrary.  Phenol  shows  but 
few  of  the  characteristic  chemical  properties  of  an  alcohol. 

673.  Aromatic  Nitro  Compounds. — Aromatic  hydrocarbons, 
*3ce  benzene,  react  very  readily  with  concentrated  nitric  acid 
^  a  peculiar  way,  as  illustrated  by  the  following  equation: 

C6H6+HNO3  ->  CftHsNOa+HaO. 

The  new  product  is  nitro  benzene,  a  light-yellow  colored  liquid 
^J  aromatic  odor.  It  is  not  soluble  in  water  and  is  not  a  salt. 
The  structural  formula  is 
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Toluene  and  nitric  acid  give  two  isomeric  nitro  compounds, 
CHj  •  C6H4  •  NOj.    These  have  the  foUowing  formulae: 

CH,  CH, 

NO, 

NO, 


n' 


The  left-hand  formula  is  that  of  ortho  nitro  toluene ;  the  right- 
hand  one  that  of  para  nitro  toluene.  A  third  nitro  toluene  can 
be  made  by  indirect  methods.  This  substance,  called  meta 
nitro  toluene,  has  the  formula 

CH, 

NOa 

The  further  action  of  nitric  acid  on  either  ortho  or  para  nitro 
toluene  gives  finally  tri  nitro  toluene,  CH,  •  C6H2  •  (N03)3. 
This  substance  is  the  violent  explosive  so  extensively  used  in 
the  war  and  known  popidarly  as  T.N.T.    Its  formula  is 

CH3 

OaN/NNOa 
NOa 

The  action  of  nitric  acid  on  phenol  gives  first  a  mixture  of 
ortho  and  para  nitro  phenol, 

OH 


NOa 


Further  action  of  nitric  acid  finally  yields  tri  nitro  phenol,  or 
picric  acid,  C6H2(N03)30H.  The  nitro  phenols  are  much 
stronger  acids  than  phenol  itself.  In  fact,  picric  acid  is  nearly 
as  strong  (highly  ionized)  an  acid  as  hydrochloric. 

Ammonium  picrate,  C6Ha(N03)30NH4,  is  a  powerful  explo- 
sive.   It  has  been  extensively  used  in  the  war. 
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674.  Aromatic  Amines. — Nitro  compounds  are  easily  acted 
on  by  reducing  agents,  as  illustrated  by  the  case  of  nitro  benzene : 

C6H5  •  NOa+3Ha-^C6Hs  .  NHa+2HaO. 

The  new  product  is  called  aniline.  It  is  the  simplest  aromatic 
amine.  The  aromatic  amines  resemble  the  aliphatic  amines 
(658).  They  are  base-forming  substances  and  are  to  be  con- 
sidered as  ammonia  in  which  hydrogen  has  been  replaced  by  an 
aromatic  radical.  Aniline  unites  with  hydrochloric  acid  to 
form  a  true  salt,  a  chloride: 

CfiHsNHa+HCl  ->  CfiHsNHjCl. 

This  salt  corresponds  to  NH4CI.  A  great  variety  of  aromatic 
amines  can  be  made  by  the  reduction  of  nitro  compounds. 
Usually  the  reduction  is  carried  out  by  mixing  the  nitro  com- 
poimd  with  zinc  or  iron  and  hydrochloric  acid.  The  hydrogen 
liberated  by  the  action  of  the  metal  and  acid  then  reacts  with 
the  nitro  compoimd  in  the  way  above  indicated.  Aniline  and 
other  aromatic  amines  are  made  in  immense  quantities  to  be 
used  as  intermediates  in  the  manufacture  of  so-called  aniline 
or  coal-tar  dyes.  Further  reference  to  this  subject  will  be  found 
in  the  next  chapter. 


CHAPTER  XXVI 

ORGANIC  COMPOUNDS.    H 

675.  Introduction. — ^We  have  promised  to  show  the  reader 
some  of  the  successes  achieved  in  organic  chemistry  as  a  result 
of  the  systematic  study  of  the  science.  First  we  shall  take  up 
the  chemistry  of  foods  and  next  the  chemistry  of  explosives  and 
the  related  substances,  such  as  celluloid,  artificial  silk,  etc. 
After  this  we  shall  treat  briefly  the  poison  gases  used  in  war- 
fare, then  the  synthesis  of  essential  oils,  perfumes,  spices,  dyes, 
medicinals,  and  rubber.  This  may  seem  a  bewildering  Ust,  but 
organic  chemists  can  say  without  fear  of  contradiction  that 
they  have  accomplished  a  great  deal  more  than  is  even  casually 
mentioned  in  this  chapter.  Finally  we  shall  discuss  briefly  the 
chief  sources  of  materials  for  the  manufacture  of  organic  chem- 
icals. 

676.  The  Three  Classes  of  Foods. — ^All  foods  fall  into  three 
great  classes:  the  fats,  including  also  edible  oils;  the  carbo- 
hydrates, comprising  starches  and  sugars;  and  the  proteins,  in 
which  class  are  included  eggs,  lean  meat,  and  certain  nitrogenous 
vegetable  products.  A  well-balanced  diet  for  man  should  be 
made  up  of  foods  of  all  three  of  these  classes.  Fats  and  carbo- 
hydrates are  compounds  of  carbon,  hydrogen,  and  oxygen  only; 
while  all  proteins,  in  addition  to  these  three  elements,  contain 
also  nitrogen.  Of  the  three  classes  the  fats  are  from  the  chemical 
point  of  view  £he  simplest,  and  their  chemistry  was  worked  out 
long  before  that  of  the  other  two  classes.  The  chemistry  of  the 
carbohydrates  was  well  cleared  up  during  the  last  two  decades 
of  the  nineteenth  century.  The  chemistry  of  the  proteins  is 
far  more  complex  and  is  even  today  far  from  completely  solved. 

677.  Fats. — ^The  term  fats  includes  liquid  as  well  as  solid 
animal  and  vegetable  products.    Liquid  fats  like  olive  oil|  cotton- 
seed oil|  peanut  oil,  castor  oil,  and  linseed  oil  are  chemically^ 
very  different  from  the  paraflSn  or  mineral  oi!s  described  in  the^: 

426 
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fertgoing  chapter.  Most  natural  fats  (butter  fat  for  example) 
are  mixtures  of  several  chemical  compounds  all  of  which  belong 
to  a  single  group  of  organic  substances,  the  esters  (657),  The 
chemical  nature  of  these  esters  is  most  readily  shown  by  the 
conversion  of  fats  into  soap. 

678.  Soap. — Any  fat  is  changed  into  soap  when  it  is  boiled 
with  a  solution  of  sodium  hydroxide.  If  a  good  grade  of  white 
soap  is  dissolved  in  water  and  the  solution  acidified  with  hydro- 
chloric acid  a  dense  white  precipitate  forms.  The  evaporated 
filtrate  yields  only  common  salt.  The  white  precipitate  is  a 
mixture  of  three  or  four  fatty  acids  (655).  Among  the  com- 
monest fatty  acids  obtained  in  this  way  are  palmitic  acid, 
CjH,.  •  CO  •  OH,  and  stearic  acid,  C„Hjj  •  CO  •  OH. 

The  radicals  CisH^,  and  C„Hjs  form  straight  or  unbranched 
carbon  chains,  as  illustrated  in  the  following  formula  for  palmitic 
acid: 

HHHHHHH H H HH HH H H 
HC-C-CC-C-C-C-C-C-C-C-C-C-CC-CO-OH 
HHHHHHHHHHHHHHH 

Stearic  acid  contains  two  more  CHj  groups  per  molecule  than 
aitic  add. 

Soaps  are  the  sodium  {or  potassium)  salts  of  fatty  acids. 
e  action  of  HCl  on  sodium  palmitate  takes  place  thus: 

CyHj.C00Na+HCl-»C.iH3.C00H-|-NaCI. 

67g.  Glycerine    and    Its    Esters, — The    action    of    sodium 
hrdroxide  on  a  fat  always  gives  in  addition  to  a  soap  one  other 
(duct,  glycerine.    Glycerine  is  a  sweet,  sirupy,  colorless  liquid, 
e  structural  formula  of  which  is 

CH,OH 

1 
CHOH 

I 
CH,OH 

tHycerine  is  an  alcohol,  but  it  differs  from  simple  (monatomic) 
»Icohob    like    methyl    alcohol,   CHjOH,  and  ethyl  alcohol, 
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CHj  •  CHaOH,  in  having  three  hydroxyl  groups  in  a  molecule. 
It  is  called  a  triatomic  alcohol.  It  will  be  recalled  (657)  that 
alcohols  are  not  bases,  in  spite  of  the  presence  of  hydroxyl 
groups.    They  do  not  yield  OH"  ions. 

Just  as  acetic  acid  and  ethyl  alcohol  unite  to  form  ethyl 
acetate  (an  ester)  and  water  (657),  so  a  fatty  acid  and  glycerine 
can  unite  to  form  an  ester  in  which  three  molecules  of  the  add 
are  combined  with  one  of  glycerine.  Thus  palmitic  glycerine 
ester,  or  palmitin,  is 

CxjHjxCOOCHI^ 


C.sH„CCX)CH 

Cx5Xl3xCOOCHI^ 

This  substance  is  one  of  the  principal  constituents  of  beef  fat. 
Fats  in  general  are  the  glycerine  esters  of  various  fatty  adds. 
Just  as  ethyl  acetate  gives,  with  sodium  hydroxide,  sodium 
acetate  and  ethyl  alcohol, 

CH,  •  CO  -OCaHs+NaOH  ->  CH3  •  CO  •  ONa+CHjOH, 

so  a  fat  and  sodium  hydroxide  yield  a  soap  and  glycerine.  '  On 
account  of  the  dose  chemical  relation  between  these  two  reactions 
the  first  as  well  as  the  second  is  spoken  of  as  a  saponification  of 
the  ester,  although  of  course  sodium  acetate  is  not  a  soap  in  the 
ordinary  sense  of  the  term. 

680.  The  Composition  of  Fats. — We  are  now  in  a  position  to 
understand  the  cause  of  the  differences  between  fats  from  various 
sources.  In  general,  a  given  sort  of  fat  is  a  mixture  of  the 
glycerine  esters  of  several  fatty  adds.  Among  such,  in  addition 
to  palmitic  and  stearic  acids,  already  mentioned,  we  have  oleic 
acid|  C17H33COOH;  lauric  acid,  CnHaxCOOH;  caprylic  add, 
C7HXSCOOH;  caproic  acid,CsHxxCOOH;  valeric  acid^C^H^COOH; 
and  butyric  acid,  C3H7COOH. 

Beef  fat  is  composed  largdy  of  the  esters  of  palmitic,  stearic, 
and  oleic  acids.    These  esters  are  known  respectively  as  pair 
mitin,  stearin,  and  olein.    The  first  two  are  soUds,  mk^ 
last  is  an  oil  at  room  temperature.    Mutton  ftt^ 
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beef  fat  in  composition  but  contains  a  smaller  proportion  of 
olein,  while  hog  fat  in  the  form  of  lard  contains  appreciably 
more  olein  than  beef  fat.  Butter  fat  contains,  in  addition  to 
,palmitin,  stearin,  and  olein,  a  considerable  proportion  of  butyrin, 
glycerine  ester  of  butyric  acid.  The  chief  constituent  of 
ive  oil  is  olein.  The  same  ester,  together  with  others,  com- 
irises  cottonseed  oil,  an  edible  oil  of  enormous  economic 
inipt^rtance. 

681.  The  Hardening  of  Oils.— Oleic  acid,  C„H„COOH, 
differs  from  stearic  acid.  C„HjjCOOH,  by  two  atoms  of  hydrogen 
per  molecule.  This  difference  is  the  result  of  one  double  bond 
(661,  662)  between  two  of  the  carbon  atoms  of  the  CjHjj 
radical,  which  is  therefore  an  unsaturated  (663)  compound. 
By  the  addition  of  hydrogen  to  the  double  bond,  oleic  add  can 

converted  into  stearic  acid : 

C„H„COOH+H,-*C„H„COOH. 

By  a  similar  addition  of  hydrogen,  olein  is  changed  into 
sarin.     This  change  is  accomplished  by  the  aid  of  a  catalytic 
[ent,  finely  divided  metallic  nickel.     By  means  of  thk  process 
I  hydiogenation,  liquid  fats   like   cottonseed   oil   are   readily 
i^ed  into  solid  or  partially  solid  fats.     During  the  last  twenty 
years  this  so-caUed  hardening  of  fats  has  de\'eloped  into  an 
immense  industry.     The  product  made  from  cottonseed  oil  has 
about  the  consistency  of  lard  and  finds  extensive  use  as  a  sub- 
stitute for  the  latter. 

682.  The  Carbohydrates. — In  the  preceding  chapter  starch 
^636)  and  glucose,  or  grape  sugar  (639},  were  briefly  described. 

E  substances  belong  to  an  important  class  of  organic  com- 
!s  known  as  carbohydrates.  This  name  was  chosen  because 
e  substances  are  composed  of  carbon,  together  with  hydrogen 
I  oxygen,  the  two  latter  in  the  proportion  corresponding 
\  water.  Thus  glucose  is  CaHuOi,  which  is  equivalent  to 
b(HiO)i.  However,  the  carbohydrates  are  not  simply  carbon 
1  water  of  hydration  in  the  sense  that  Na^SO,  ■  loHjO  is 
B  hydrate  Of  Na, 


I 
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The  simplest  formula  which  would  represent  the  composition 
of  starch  is  C(,HioOs  (636);  but  it  is  certain  that  the  molecule 
of  starch  is  much  larger  than  that  represented  by  this  formula. 
The  formula  is  more  correctly  written  (C6H,„0j)«,  where  n  is 
an  integer  probably  as  large  as  30  or  40.  Ordinarily  the  simpler 
formula  is  employed. 

The  hydrolysis  of  starch  to  form  glucose  (638), 

(C6H,A)«-l-'>H,0^wC4H„06,  'I 

is  a  very  important  reaction.  It  takes  place  readily  in  acid 
solution  by  reason  of  the  catalytic  action  of  H"*"  ions.  The 
higher  the  temperature  of  the  solution  the  more  rapid  the  hydra- 
tion proceeds. 

Glucose  has  a  large  number  of  isomers  (630),  all  having,  of 
course,  the  same  formula.  These  sugars,  called  hexoses,  all 
have  properties  more  or  less  Uke  those  of  glucose.  Levulose, 
or  fruit  sugar,  is  one  of  the  commonest  of  the  hexoses.  It  is  the 
sugar  most  abundant  in  many  fruits. 

Ordinary  table  sugar,  commonly  known  as  cane  sugar  and 
called  by  chemists  sucrose,  has  the  formula  C,jHuO,,.  It  is 
made  from  two  principal  sources,  sugar  cane  and  sugar  beets. 
It  has  the  same  composition  in  each  case.  Numerous  other 
plants  also  produce  sucrose.     Maple  sugar  is  largely  sucrose. 

Milk  sugar,  or  lactose,  C„Hj,0,,,  is  an  isomer  of  cane  sugar. 
It  is  present  in  cow's  rnilk  to  the  extent  of  4  per  cent.  It  is 
much  less  sweet  than  cane  sugar.  Maltose,  CHaO,,,  is  another 
isomer  of  cane  sugar.  It  is  formed  by  the  hydrolysis  of  starch 
in  the  presence  of  a  catalytic  agent  occurring  in  germinating 
seeds.     The  reaction  may  be  written  1 

2C6H„Oi-f-H.O-»C„HaO„,  ■ 

or  better,  I 

a{C6H,  A)--l-«H,0  H»  »C„H«0.,. 

The  catalytic  agent  is  called  diastase.  A  similar  substance, 
ptyalin,  is  present  in  saliva.  It  promotes  the  digestion  of  starch 
by  hydrolyzing  it  to  maltose.  The  catalytic  agents  diastase 
and  ptyalin  are  classed  as  enzymes. 
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Mil.  The  Stiiictuie  of  the  Sugars. — ^The  structure  of  the 
siiqiier  sugarsy  Hke  glucose,  was  worked  out  at  the  end  of  the 
mneteciitli  century.  The  following  structure  of  glucose  was 
discovered  after  long  experimentation,  which  established  the 
preseoce  of  the  groups  indicated. 

HaCOH 

I 
HCOH 


HCOH 


HCOH 

I 
HCOH 

I 
HCO 

The  five  hydrazyi  gnxips  behave  like  those  of  an  alcohol.  In 
this  reelect  j^hicosr  is  an  aloAol  somewhat  resembling  glycerine 
(679).  One  cud  carbon  atom  of  the  glucose  molecule  forms  an 
^ilddiyde  laifical  ^652).  The  reactions  of  glucose  are  tho«e  of 
an  alccdicd  and  ot  an  alddiyde.  Like  all  aldehydes  gluci>se  h 
2  good  reducing  agent.  It  reduces  an  alkaline  solution  of  copper 
to  ciqiroos  oside.  Tins  reaction,  which  serves  as  the  best  t^st 
'or  jocose,  is  earned  out  by  warming  glucose  with  Feliling's 
Mhtioa.  TUs  aolntion  is  made  by  mixing  co{^r  sulfate  hil-i" 
tioQ  with  a  solution  of  sodium  tartrate  66s  coTi*?.\^\r.z  iz, 
excess  of  m*pm"  hydroxide.  In  the  presence  of  giuose  iht 
deep-blue  Fclilxng's  solution  gives  a  red  precipitate  of  r^zj^-j:^ 
onde,  Cu^O. 
The  stiuctuite  of  levulose  is  rejj^esented  thus: 

H.-COH 
HCOH 
HCOH 
HCOH 
CO 
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It  k  an  alcohol  ketone  (656).  The  behavior  of  cane  sugar  with 
dilute  acids  throws  much  light  on  its  structure,  since  in  this 
reaction  it  unites  with  water  and  forms  equal  amounts  of  glucose 
and  levulose: 

Ci jHaaOx X + HaO  ->  C6Hxa06  -|-  CeHiaOe. 

From  this  it  follows  that  in  the  molecule  of  cane  sugar  a  molecule 
of  glucose  is  joined  with  one  of  levulose,  with  the  elimination  of 
a  molecule  of  water. 

Since  maltose  gives  by  hydrolysis  two  molecules  of  glucose 
its  molecule  may  be  considered  to  be  made  up  of  two  glucose 
radicals. 

Cane  sugar  and  maltose  do  not  reduce, Fehling^s  solution. 
If  their  solutions  are  first  hydrolyzed  the  resulting  solution 
reduces  Fehling's  solution  readily. 

684.  Cellulose. — Cellulose,  which  occurs  nearly  pure  in 
cotton,  is  an  isomer  of  starch  (636).  Its  simplest  formula  is 
CeHxoOj,  but  its  true  formula  should  be  written  (C6Hxo05)«, 
where  w  is  an  integer  probably  even  larger  than  n  in  the  starch 
formula.  Cellulose  is  far  less  active  chemically  than  starch  and 
is  practically  indigestible  by  man.  It  is  possible  to  hydrolyze 
cellulose  to  glucose,  but  the  reaction  takes  place  slowly.  Wood 
and  vegetable  fiber  in  general  contain  a  large  proportion  of 
cellulose.  The  latter  is  classed  with  starch  and  sugars  as  a 
carbohydrate. 

685.  The  Proteins. — We  shall  use  the  term  protein  to  include 
the  various  complex  nitrogenous  substances  forming  the  charac- 
teristic constituents  of  lean  meat,  white  of  eggs,  etc.  Most  plant 
seeds  also  contain  more  or  less  proteins.  Wheat  is  particularly 
rich  in  this  respect. 

Proteins  are  complex,  substances  containing  in  addition  to 
carbon,  hydrogen,  and  oxygen  a  rather  large  percentage  of 
nitrogen  and  a  much  smaller  percentage  of  sulfur;  a  few  of  the 
proteins  also  contain  phosphorus.  Neither  the  exact  formula 
nor  the  structure  of  any  typical  protein  is  definitely  known.  The 
composition  of  albumin  (white  of  egg)  is  approximately  expressed 
by    the    formula    C72oHxi34Na,8SsOa48.    Although    considerable 
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jress  has  been  made  in  recent  years  toward  the  elucidation 
erf  the  structure  of  the  proteins,  much  remains  to  be  done.  When 
the  proteins  are  heated  with  acids  or  alkalies  they  are  split  up 
into  simpler  substances  which  are  found  to  be  nitrogen  deriva- 
tives of  fatty  acids  (655}.  We  have  seen  that  acetic  acid, 
CHjCOOH,  for  example,  forms  an  amide,  CHjCONH,,  acet- 
amide  (659).  We  have  also  learned  something  of  the  amines, 
of  which  methyl  amine,  CH^NHj,  is  the  simplest  representative, 
and  it  will  therefore  not  be  surprising  to  learn  that  a  substance 
having  the  formula 

.H,NCH,COOH, 


which  we  may  call  amino  acetic  acid,  or  glycocoll,  exists.     This 
add  can  form  an  amide, 

H,NCH.CONH„ 

which  can  unite  with  one  or  more  molecules  of  glycocoll  to  form 
such  products  as 

H,NCH,CONHCH,CONH, 
and 

H,NCH,CONHCH,CONHCH,CONH,. 


Still  more  complex  substances,  amino  acids,  have  been  built 
up  artihcially  in  the  laboratory.  The  fact  that  these  substances 
ate  identical  with,  or  related  to,  the  decomposition  products  of 
tile  proteins  leads  us  to  think  that  the  molecules  of  the  latter 
are  made  up  of  amino  acid  radicals,  among  which  are  those  of 
falty  acids  other  than  acetic.  Proteins  from  different  sources 
Sfler  markedly  from  one  another  by  reason  of  the  kinds  and 

Kve  amounts  of  the  amino  acids  which  compose  them, 
[any  proteins  are  of  vegetable  origin.  The  cereals  like 
t,  oats,  rj-e,  barley,  and  com  are  comparatively  rich  in 
"lese  nitrogenous  substances  (5:1).  Beans,  peas,  and  other 
legumes  also  contain  large  percentages  of  proteins,  while  vege- 
tables contain  but  small  amounts. 

686.  Why  the  Body  Needs  Food.— The  body  needs  food  for 
gtowth,  repair,  and  the  supply  of  energy.     For  the  adult  only 
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the  last  two  are  of  importance.  The  average  amount  of  carbon 
dioxide  exhaled  per  day  by  an  adult  is  about  i,ioo  grams;  but 
the  amount  varies,  greatly  increasing  with  the  amount  of  work 
done.  Nitrogen  is  excreted  largely  as  urea  (659)  but  also  in 
smaller  amounts  in  the  form  of  other  compounds.  The  average 
daily  loss  calculated  as  nitrogen  amounts  to  about  20  grams  for 
an  adult.  Hydrogen  and  oxygen  are  also  lost  in  large  quantities, 
principally  in  the  form  of  water  and  to  a  smaller  extent  in  com- 
poimds  with  carbon,  nitrogen,  etc.  These  losses  must  be  com- 
pensated by  food  and  water  in  order  to  maintain  bodily  weight; 
for  of  course  the  law  of  the  conservation  of  matter  (21)  applies 
rigorously  to  all  bodily  processes. 

687.  The  Law  of  the  Conservation  of  Energy  for  Bodily 
Processes. — ^The  body  expends  energy  in  two  ways:  in  doing 
work  and  in  giving  ofif  heat  to  the  surroundings.  The  source  of 
this  energy  is  found  in  the  chemical  changes  of  the  food  eaten 
and  the  oxygen  inhaled.  The  amount  of  energy  produced  when 
a  known  amount  of  a  given  foodstuff,  together  with  sufficient 
oxygen,  is  changed  to  the  same  products  as  those  formed  in  the 
body  can  be  determined  by  means  similar  to  that  described 
earlier  (357)-  The  energy  per  gram  of  a  food  may  be  expressed 
in  calories  and  called  its  fuel  value. 

Until  recent  years  it  was  a  question  whether  the  amount  of 
energy  supplied  by  the  food  eaten  was  exactly  equal  to  that 
expended  in  the  form  of  work  plus  that  given  off  as  heat  when 
the  body  neither  gained  nor  lost  in  weight.  This  important 
problem  was  solved  by  the  very  elaborate  experiments  of  the 
American  chemists  Atwater  and  Benedict.  These  scientists 
constructed  a  huge  calorimeter  (357)  in  which  a  man  could  live 
and  perform  work  for  hours  at  a  time.  The  amount  of  work 
done  and  heat  given  off  was  accurately  measured,  and  the 
energy  or  calorific  value  of  all  food  eaten  was  determined. 
After  several  years  of  the  most  careful  work,  in  which  animals 
as  well  as  men  were  experimented  upon,  it  was  conclusively 
proved  that  the  energy  given  out  by  the  body  is  exactly  equal 
to  that  produced  when  the  food  and  oxygen  taken  are  changed 
to  the  same  forms  as  those  excreted  by  the  body.    In  other 
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words,  it  was  found  that  the  law  of  the  consen'ation  of  energ>' 
applies  rigidly  to  all  bodily  processes. 

688.  The  Science  of  Dietetics.— The  facts  set  forth  in  the 
two  preceding  sections  serve  as  the  basis  for  a  scientific  treat- 
ment of  the  subject  of  nutrition.  This  branch  of  science  is 
called  dietetics.  A  satisfactory,  well-balanced  ration  must 
supply  sufficient  amounts  of  each  class  of  food  to  compensate 
for  the  known  or  determinable  body  losses  of  material  and  at 
the  same  time  yield  sufficient  energy  to  enable  the  performance 
of  the  required  amount  of  physical  work  and  also  keep  up  bodily 
temperature,  all  without  the  loss  of  body  weight. 

The  energy  requirement  of  a  man  doing  moderate  work  is 
about  3,200  kilogram  calories.'  To  get  this  he  must  consume 
food  more  than  sufficient  to  satisfy  his  requirements  for  carbon; 
but  this  will  not  necessarily  also  supply  his  requirements  for 
nitrogen.  Therefore  a  sufficient  ration  will  result  from  eating 
enough  protein  to  compensate  the  nitrogen  loss,  and  in  addition 
enough  fats  or  carbohydrates,  or  better  both,  to  bring  the  fuel 
value  up  to  his  requirement.  The  ratio  of  carbohydrates  to 
fat  in  the  diet  is  not  of  fundamental  importance;  furthermore 
the  protein  consumption  may,  for  some  individuals  or  even  for 
whole  races,  be  safely  increased  far  above  the  necessary  minimum. 
For  adult  male  Americans,  professional,  business  men,  and 
students,  100  g.  of  protein,  125  g.  of  fat,  and  400  g.  of  carbo- 
hydrates, with  a  total  fuel  value  of  3,200  kilo  calories,  consti- 
tutes an  average  daily  ration. 

Table  XXXII  gives  the  data  for  sample  meals  for  one  day 
for  one  man  doing  moderately  heavy  work.  It  shows  the 
weight  in  fractions  of  a  pound  and  in  grams  of  each  article,  and 
also  its  protein  content  and  fuel  value. 

689.  Vitamines. — It  would  naturally  be  inferred  from  the 
discussion  of  the  preceding  sections  that  in  providing  for  a 
dietary  sufficient  to  maintain  health  and  weight  it  is  necessary 
to  consider  only  the  protein  content  and  fuel  value  of  the  food 

'On  account  of  the  fact  that  the  calorie  (tii)  is  so  small  a  unit  of  heat,  a 
nnit  one  thousand  (old  larger  h  in  common  use.  This  larger  unit  is  the  heat 
required  to  nbc  the  temperature  of  one  kilogram  of  water  one  degree.  It  may  be 
uUed  a  kiiopairi  calorie,  or  kilo  calorie. 
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supplied.    Yet  it  has  long  been  known  that  in  earlier  times 
sailors  who  lived  for  long  periods  on  an  abundance  of  food  of 


TABLE  XXXII 


Article 


Pound 


Grams 


Bread 

Half  an  orange 

Sugar 

Two  eggs 

Butter 

Cup  of  coffee  and  cream 


Totals 


0.20 

0.30 
0.05 
o.  20 
0.05 


Tomato  soup . 
Lamb  chops . . 

Peas 

Stewed  apples 

Sugar 

Milk 

Bread 

Butter 


0.20 
0.20 
0.12 
0.12 
0.05 
0.50 
0.20 
0.05 


Totals 


Consomm6 .... 

Roast  beef 

Baked  potato .  . 
Cauliflower. . .  . 

Lettuce 

French  dressing , 

Bread 

Butter 

Ice-cream 

Black  coffee . . . 


Total 


Total  for  the  day 


0.20 
0.40 
0.50 
0.12 
0.12 
0.03 
0.20 
0.05 
0.20 
o.io 


Percent- 
age or 
Protein 


Protein 
IN  Grams 


Breakfast 


90 

13s 

23 
90 

23 


9.2 
0.6 
0.0 

13   I 
1 .0 


8.28 
0.81 
0.00 
11.79 
0.23 
0.05 


21 .  16 


LuncbeoD 


Dinner 


90 
181 
227 

56 
56 
16 
90 

23 
90 

45 


98.43 


FdelV.u,oi 

IN  Kilo 

Calories 


240 

50 
88 

160 

170 

90 


798 


90 

1 .1 

1. 00 

90 

13. 5 

12.22 

56 

8.0 

4  50 

S6 

03 

0.17 

23 

0.0 

0.00 

227 

3  3 

7  49 

90 

9.2 

8.28 

23 

1 

1 .0 

0.23 

1 

1                                     1 

33  89 

50 
283 

66 

SS 
88 

240 
170 


1,107 


15  0 

27.00 

400 

1.8 

4.09 

197 

14 

0.78 

15 

I.O 

0.60 

10 
IOC 

9.2 

8,28 

240 

1.0 

0.23 

170 

2.6 

2i40 

160 

43  38 


1,292 


3,197 


very  limited  variety,  such  as  salt  pork  and** hard- tack,"  were 
liable  to  be  afflicted  with  a  peculiar  and  often  fatal  disease  called 
scurvy.    Afflicted  persons  rapidly  recovered  when  supplied  with 
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fresh  vegetables  or  even  with  the  juice  of  oranges,  lemons,  or 
limes.     The  British  na\y  and  mercantile  marine  have  for  fifty 
years  or  more  been  required  to  pro\-ide  sailors  regularly  with 
time  juice.    Scur\'y  is  now  of  rare  occurrence. 

A  still  more  remarkable  case  is  found  in  the  cause  of  and ' 
remedy  for  the  peculiar  oriental  disease  beri-berL     Tliis  affects 
people  who  live  chiefly  on  a  diet  of  rice  and  fish.     Recent 
experiments,  particularly  with  pigeons,  has  shown  that  these 
birds  thrive  on  natural  rice,  while  if  fed  on  the  polished  grains 
they  quickly  suffer  from  the  disease  and  soon  die.    Dungerously 
sick  pigcoTts  make  marvelous  recovery  when  given  small  amounts 
of  Ike  material  removed  from  the  grains  in  the  process  of  polish- 
ing.     Further   experimentation   has   shown  conclusi\ely   that 
beri-beri  is  the  result  of  a  diet  deficient  in  a  substance  known 
as  water  soluble  B  found  in  the  germ  of  the  rice  grain.     This 
same  substance  is  also  found  in  the  germ  of  wheat  and  other 
grains. 

Very  extensive  experiments  have  shown  conclusively  that 
rats  cannot  grow  nor  even  live  long  on  diets  containing  adequate 
amounts  of  proteins,  fats,  and  carbo- 

hydrates if  every  article  of  food  has        ** 
been  highly  purified  by  chemical  pro- 
cesses.   This  is  because  certain  essential 
substances  contained  in   the  natural        ™ 
foods  have  been  removed  in  the  pro-      ^ 
cesses  of  purification.     Milk  is  espe-      J 
cially  rich  in  these  essential  substances.         * 
By  adding  small  amounts  of  milk  to 
the  diet  of  rats  living  on  purified  food  a 
wholly  satisfactory  ration  is  obtained.         m 

/ 

6 

/- 

\ 

The  results  of  such  experiments  are 
shown  in  Fig.  97.    The  lower  curve 
shows  the  change  in  average  weight  of 
six  young  rats  fed  on  a  diet  of  purifit;d  foods 
curve  shows  the  weights  of  the  same  nui 
which  received  the  same  food  ration  as  the 
addition  2  c.c.  each  of  milk  per  day.    Work 

Fic.  97 

alone.    The  uppe 

iber  of  young  rat 
first  six  but  had  ir 
of  F.  G.  Hopkins 

M 
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In  addition  to  water  soluble  B,  milk  contains  also  another 
peculiar  substance  called  fat  soluble  A.  The  latter  occurs  also 
in  the  leafy  parts  of  most  vegetables.  The  term  vitamines 
is  usually  used  to  designate  the  important  substances,  fat 
soluble  A  and  water  soluble  B.  It  is  now  definitely  established 
that  animals,  including  man  (especially  children),  must  have 
for  growth  and  health  a  constant  supply  of  both  these  vitamines. 
A  diet  (for  man)  of  roots,  tubers,  seeds,  and  meat  may  furnish 
sufficient  proteins  and  have  adequate  fuel  value  and  still  be 
markedly  deficient  in  vitamines,  particularly  fat  soluble  A. 
The  deficiency  is  best  avoided  by  the  liberal  use  of  milk  and  kajy 
vegetables;  of  these,  milk  is  the  more  important. 

The  chemical  nature  of  the  vitamines  still  remains  to  be 
discovered,  but  their  importance  as  food  constituents  is  no  longer 
in  question.  There  is  little  doubt  that  vitamines  act  cata- 
lytically. 

690.  Dependence  of  Animals  upon  Plants. — ^All  animals, 
including  man,  depend  for  their  food  upon  plants  or  upon  other 
animals  which  in  turn  feed  upon  plants.  Animals  cannot  sub- 
sist upon  the  free  elements  that  compose  their  food,  nor  even 
upon  the  simpler  compounds  of  these  elements,  such  as  carbon 
dioxide,  hydrocarbons  (643),  ammonia,  amines  (658),  etc.,  but 
must  have  the  far  more  elaborate  compounds,  the  carbohydrates 
(682),  fats  (677),  and  proteins  (685),  and  in  addition  mineral 
salts  and  vitamines  (689). 

Plants,  on  the  other  hand,  require  for  their  sustenance  far 
simpler  materials,  principally  carbon  dioxide,  water,  and  simple 
nitrogen  compounds,  such  as  ammonia  or  nitrates,  and  also 
small  amounts  of  mineral  matter.  Some  of  the  simplest  organ- 
isms contain  species  of  bacteria,  by  aid  of  which  they  assimilate 
free  nitrogen  from  the  air  (515). 

691.  Photosynthesis. — The  plant  products  formed  from  these 
simple  inorganic  substances  have  far  more  energy  than  the 
latter.  What  then  is  the  source  of  this  energy?  Plainly  the 
light  and  heat  necessary  for  the  growth  of  all  plants  (excepting 
fungi  and  other  parasitic  plants  which  live  on  decaying  animal 
or  vegetable  matter).    The  energy  of  sunlight  is  transformed 
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1  the  growing  plant  into  the  chemical  energy  of  the  plant 
iduct& 

Cellulose  and  starch  are  the  most  abundant  plant  products. 
:  the  (ormation  of  these  only  carbon  dioxide  and  water  arc 
»retically  required : 

6C0,+5H,O-*C6H„0i+6O.. 

However,  this  reaction  does  not  take  place  in  the  simple  fashion 
indicated  by  this  equation.  It  takes  place  only  in  plants  and 
then  only  in  such  parts  as  contain  the  characteristic  green  sub- 
stance chlorophyl.  Probably  several  intermediate  stuKf^s  exist 
in  the  change  of  carbon  dioxide  into  starch  or  cellulose;  in  any 
case  oxygen  is  always  a  product  of  plant  growth.  Since  this 
building  up  of  complex  products  occurs  by  the  aid  of  light  the 
Kess  is  termed  photosynthesis. 
69a.  Some  Common  Organic  Explosives. — We  have  referred 
irlier  (571)  to  the  great  practical  importance  of  cuplosives. 
E  most  useful  explosives  are  made  by  the  nitration  of  organic 
llbstances  such  as  glycerine  (675),  cotton  f684),  phenol  (673), 
I  toluene  (668).  The  products  thus  obtained  will  now  be 
^y  described. 

Nitroglycerine  is  formed  when  glycerine  is  added  drop  by 
>  to  a  cooled  mixture  of  concentrated  nitric  and  sulfuric 
The  nitroglycerine  separates  as  an  insoluble  heavy  oil 
a  the  product  is  poured  into  water.  It  h  a  violent  exploitive 
h  finds  extensive  use  in  blasting.  Nitroglycerine  is  the  ni  t  ric 
[  ester  (657)  of  the  alcohol  glycerine  (679).    Its  formula  it 

H,COVO. 

HCONO. 

I 

ir.coxo. 

c  arues  from  the  fact  that  it  contains  more 
t  cnqrgeo  to  change  all  its  hydrogen  and  carlxm  into 
[  carbon  diondc  respectively.    At  the  high  tempera- 
lure  reached  to  the  expkwion  water  is.  of  cour»e,  gaious,  u  ure 
JiuwiMtbe  Other  products,  COj  and  NV    Tbereforctbepmbctl 


440  Introduction  to  General  Chemistry 

of  the  explosion  occupy  many  times  the  volume  of  the  original 
substance.  This  explains  the  enormous  force  produced  by  the 
explosion.  Dynamite,  which  is  a  solid  mixture  of  infusorial 
earth  and  nitroglycerine,  is  much  safer  to  handle  than  the  latter 
substance. 

693.  Nitrocellulose,  or  guncotton,  is  made  from  cotton  by 
a  process  similar  to  that  used  in  making  nitroglycerine.  The 
product  is  a  white  solid  scarcely  differing  in  appearance  from  the 
cotton  from  which  it  is  made.  It  is  far  less  sensitive  to  shock 
than  nitroglycerine,  especially  when  in  a  moist  state,  and  since 
it  can  be  perfectly  exploded  while  moist  by  the  use  of  a  detonator 
(573)  it  is  one  of  the  safest  and  most  useful  of  explosives.  Gun- 
cotton  can  be  physically  compounded  with  nitroglycerine  to 
form  cordite,  a  transparent  solid  resembling  amber  in  appear- 
ance. This  is  one  of  the  most  important  propellants  for  large 
projectiles.  Modern  smokeless  powders  are  products  closely 
related  to  guncotton. 

The  complete  nitration  of  phenol,  CeHjOH  (672),  yields 
tri  nitro  phenol,  or  picric  acid,  C6H2(N03)30H.  This  substance 
and  its  ammonium  salt  (673)  are  powerful  explosives.  Their 
most  extensive  use  is  in  shrapnel. 

The  explosive  commonly  designated  as  T.N.T.  is  tri  nitro 
toluene.  It  has  also  been  mentioned  earlier  (571).  During 
the  war  it  was  used  in  enormous  amoimts  in  shrapnel  and  other 
explosive  shells. 

A  few  words  may  be  added  at  this  point  regarding  the  differ- 
ences in  explosives,  since  the  student  will  naturally  wonder  why 
so  many  different  explosives  are  used.  The  most  important 
properties  which  determine  the  character  of  an  explosive  are 
(i)  its  sensitiveness,  (2)  its  force  of  explosion,  determined  by 
the  volume  and  temperature  of  the  gaseous  products,  and 
(3)  its  velocity  of  explosion.  Of  these  three  properties  the  last 
is  very  important;  for  although  ordinary  observation  would 
indicate  that  every  explosion  is  instantaneous,  this  is  far  from 
being  the  case.  Every  explosion  requires  time  for  its  comple- 
tion. A  satisfactory  propellant  must  not  explode  too  rapidly. 
It  must  allow  time  for  the  projectile  to  get  under  way,  otherwise 
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would  burst  the  gun.  For  exploding  shrapnel  shells  and  for 
blasting  rocks  rapidly  exploding  substances  are  used. 

694.  Other  Products  of  Nitrocellulose.^When  the  nitration 
of  cotton  is  not  carried  so  far  as  in  the  preparation  of  guncotton 
the  product  is  know-n  as  pyroxyline  or  soluble  cotton.  This 
substance  resembles  guncolton  closely  but  is  less  explosive. 
It  dissolves  readily  in  many  organic  solvents,  such  as  acetone 
(656)  and  esters  (657),  and  in  a  mixture  of  alcohol  (641)  and 
ether  (642).  The  solution  so  obtained  is  called  collodion;  it  is 
used  as  an  adhesive,  as  a  liquid  court-plaster,  as  a  coating  for 
incandescent  gas  mantles,  and  for  many  other  purposes. 

Artificial  silk,  a  product  resembling  silk  in  appearance,  but 
totally  different  chemically,  is  made  in  one  way  from  collodion. 
The  process  consbts  in  "spinning"  a  concentrated  collodion 
solution  from  a  fine  glass  capillary  by  means  of  high  pressure. 
Upon  coming  into  the  air  the  solvents  evaporate  at  once,  leaving 
a  filament  of  the  fineness  of  a  natural  silk  fiber.  These  filaments 
are  made  into  threads;  but  this  material  is  extremely  combustible 
and  must  be  denitrated  by  a  chemical  process  which  changes 
it  back  into  cellulose  without  altering  its  beautiful  silky  luster. 
Artificial  silk  is  made  in  large  quantities. 

\  rough  way  of  telling  the  difference  between  artificial  and 
natural  silk  is  to  set  fire  to  a  small  piece  of  the  fabric.  Natural 
silk  burns  the  way  hair  does,  melting  back  of  the  flame  and 
giving  off  a  characteristic  odor.  Artificial  silk  bums  as  does  a 
thin  piece  of  cotton.    It  does  not  melt  and  gives  virtually  no  odor. 

Celluloid  is  made  by  thoroughly  kneading  and  rolling  a  warm 
mixture  of  pyroxyline  and  camphor,  CuHmO.  The  latter  is  a 
product  of  the  camphor  tree.  The  many  forms  and  uses  of 
luloid  are  too  well  known  to  require  description.  Photo- 
iphic  films  made  from  this  material  are  highly  inflammable. 
On  tliis  account  celluloid  is  combined  with  less  inflammable 
materials  like  cellulose  acetate  {acetic  acid  ester  of  cellulose)  in 
the  preparation  of  photographic  films  for  moving  pictures. 

Leather  substitute,  or  artificial  leather,  is  made  by  coating 
heavy  cotton  cloth  with  a  preparation  in  which  pjToxyline  is 

priacipai  ingredient. 
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695.  The  Materials  of  Chemical  Warfare. — ^The  introduction 
by  the  Germans  of  chlorine  in  warfare  was  rapidly  followed  by 
the  use  of  several  other  poisonous  and  irritating  substances, 
practically  all  of  which  were  carbon  compounds.  One  of  the 
most  important  of  these  was  phosgene,  or  carbon  oxychloride, 
COCI2.  This  gas  is  made  by  the  union  of  carbon  monoxide 
(632)  and  chlorine: 

C04-Cla->C0Cla 

It  has  a  powerful,  choking  odor  and  is  very  poisonous.  It  is 
readily  liquefied  (boiling-point  8°).  It  was  frequently  mixed 
with  liquid  chlorine  in  gas  attacks. 

The  so-called  mustard  gas  is  not  a  gas  at  all  but  a  colorless 
liquid  known  to  chemists  as  dichlor  diethyl  sulfide  (€102114)28. 
It  has  a  rather  faint  odor  and  at  first  appears  harmless  enough; 
but  inhalation  of  the  vapor  or  mist  produced  by  explosion  of  a 
shell  containing  some  of  it  causes  terrific  inflammation  of  the 
lungs,  frequently  proving  fatal.  Almost  inconceivably  minute 
amounts  on  the  skin  cause  in  the  course  of  a  few  da)rs  deep  and 
dangerous  wounds.  The  substance  is  made  from  ethylene,  CaH4, 
and  sulfur  chloride,  S2CI2  (601),  and  has  the  following  structure: 

H    H         H    H 

II  II 

CI— C— C— S— C— C— CI 

II      II 

H    H         H    H 

It  seems  to  act  by  being  absorbed  by  the  skin  and  then  slowly 
hydrolyzing  within  the  tissues  to  form  hydrochloric  add  and 
other  products. 

Chloropicrin,  CCljNOa,  made  by  the  action  of  bleaching 
powder  (351)  on  picric  acid  (673),  is  a  high-boiling  liquid.  It 
is  extremely  irritating  to  the  eyes,  is  poisonous,  and  causes 
vomiting.  It  passes  through  clothing  and  the  fabric  of  a  gas 
mask  rather  readily,  and  it  is  diflScultly  absorbed  in  the  canister 
of  chemicals  used  with  a  mask.  This  substance  was  used  in 
large  amounts  toward  the  end  of  the  war.  Chloropicrin  had 
no  use  before  the  war;  it  is  now  proposed  to  employ  it  as  an 
insecticide. 
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696.  Organic  Synthesis. — The  term  organic  synthesis  means 
the  artificial  building  up  of  organic  compounds  from  simpler 
substances,  ultimately  from  the  elements.  A  century  ago  it  was 
generally  believed  that  the  complex  carbon-containing  products 
of  plants  and  animal  organisms  (organic  compounds)  were 
formed  as  the  result  of  vital  forces,  and  that  it  was  impossible 
for  chemists  to  make  them  artificially.  In  1828  Wohler  proved 
the  fallacy  of  this  idea  by  the  synthesis  of  one  of  the  most  char- 
acteristic of  animal  products,  urea,  CO(NHi)i  (650)-  His 
method  consisted  in  oxidizing  potassium  cyanide,  KNC  (665), 
to  the  cyanate  KNCO  by  heating  it  with  litharge,  PbO; 

KNC + PbO  ^  KNCO+ Pb. 

From  KNCO  and  (NHJjSOj  he  obtained  by  double  decomposi- 
tion ammonium  cyanate,  NH4NCO.  This  salt  when  warmed 
in  solution  gradually  changes  into  urea, 

NH^NCO^COCNH,).- 

The  announcement  of  Wohler's  discovery  created  a  profound 
sensation  and  led  to  the  expectation  that  other  vital  products 
could  also  be  synthesized.  This  expectation  has  in  the  past 
ninety  years  been  realized  far  more  completely  than  the  most 
enthusiastic  chemist  of  Wohler's  day  could  have  predicted;  for 
not  only  have  the  greatest  variety  of  vital  products  been  synthe- 
sized, but  thousands  of  related  and  new  and  unrelated  organic 
substances  have  been  made  in  the  laboratory,  so  that  today  their 
number  is  legion.  True,  however,  much  remains  to  be  done, 
for  as  we  have  seen  in  one  instance  the  proteins  have  as  yet 
not  been  s>'nthesized.  By  way  of  illustrating  the  nature  and 
scope  of  organic  synthesis  we  shall  in  the  following  paragraphs 
recount  briefly  a  few  typical  cases. 

697.  Essential  Oils  and  Perfumes. — Spices,  fruits,  and 
flowers  owe  their  characteristic  odors  or  perfumes  to  small 
amounts  of  substances  which  can  in  many  cases  be  isolated  and 
purified.  These  fragrant  substances  are  volatile  oils  or  sohds 
known  generally  as  essential  oils.  Frequently  the  oil  from  a 
given  source  is  a  mixture  of  several  definite  chemical  substances, 
although  in  other  cases  but  a  single  substance  is  present. 


I 


^ 
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The  first  essential  oil  made  synthetically  was  that  contained 

in  bitter  almonds  and  well  known  as  the  oil  of  bitter  almonds. 

Examination  of  the  natural  oil  showed  it  to  be  benzaldehyde,  a 

substance  having  the  formula 

H 
CO 


When  toluene  (668)  is  treated  with  chlorine  it  gives  benzal 
chloride,  CeHgCHCla.  The  latter,  by  treatment  with  water, 
gives  benzaldehyde  (670).  The  product  so  obtained  has  the 
same  agreeable  odor  as  that  made  from  bitter  almonds  and  is 
extensively  used  as  a  substitute  for  the  natural  oil  in  flavoring 
extracts. 

The  chief  constituent  of  oil  of  cinnamon,  known  as  cinnamic 
aldehyde,  has  the  formula 

C6HsCH  =  CHCH0. 

It  can  also  be  made  synthetically  from  toluene,  and  when  so 
prepared  has  the  same  fragrant  odor  as  cinnamon. 

The  characteristic  constituent  of  vanilla  is  also  an  aldehyde, 
called  vanillin,  somewhat  related  to  the  two  foregoing  substances. 
Its  formula  is 

0 

CH, 

It  is  a  white  crystalline  solid,  which  is  present  in  vanilla  beans 
to  the  extent  of  about  i  per  cent.  After  the  discovery  of  its 
formula  as  just  given  it  became  possible  to  make  the  substance 
synthetically.  It  was  soon  found  that  other  essential  oils  were 
closely  related  to  vanillin.    Thus  oil  of  cloves  consists  largely  oi 

OCH,CH=CH, 

O 
CH, 
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This  oil  is  easily  and  cheaply  made  from  cloves.  It  can  be 
converted  into  vanillin  by  a  process  of  oxidation,  which  thus 
affords  a  good  practical  method  of  making  the  latter  valuable 
substance. 

It  is  a  well-known  fact  that  organic  substances  with  closely 
related  formulae  have  similar  properties,  and  this  is  beautifully 
illustrated  by  the  near  relatives  of  the  two  substances  just  con- 
sidered. The  fragrant  oil  of  sassafras  consists  largely  of 
safrole, 

'0|/\cH,CH=CHa 


H-^o; 


This  substance  can  be  oxidized  to  an  aldehyde  piperonal, 


a  substance  having  the  delightful  odor  of  heliotrope.  Thus  an 
exquisite  and  costly  perfiune  is  made  in  the  laboratory  from  the 
cheap  and  abundant  oil  of  sassafras. 

Many  essential  oils  belong  to  the  class  of  substances  known 
as  esters  (657).  For  example,  oil  of  wintergreen  is  the  methyl 
ester  of  salicylic  acid,  readily  made  by  following  reaction: 

+CH30H->[       L^^^,,  +H.0 
^  Iv/COOCHj 

The  ester,  which  is  made  technically  on  a  large  scale,  is  a  color- 
less oil  having  exactly  the  odor  of  wintergreen.  It  will  be  of 
interest  to  trace  the  manufacture  of  this  substance  from  its 
bfynniTig.  To  get  salicylic  acid  we  start  with  benzene  (667), 
obtained  from  coal  tar.  This  by  treatment  with  sulfuric  acid 
gives  benzene  sulfonic  acid  (672), 

/NsOaOH 
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When  the  sodium  salt  of  this  acid  is  fused  with  an  excess  of 
sodium  hydroxide  it  yields  phenol  or  carbolic  acid  (672), 


The  sodium  salt  of  this  substance  reacts  with  carbon  dioxide  to 
form  the  salt  of  salicylic  acid, 

C6H50Na+  CO,  ->  C6H40HCOONa, 

from  which  the  free  acid  is  readily  obtained  by  the  action  of 
sulfuric  acid. 

The  subjects  discussed  in  this  section  are  of  importance 
chiefly  as  a  means  of  illustrating  the  ways  in  which  some  natural 
products  are  made  in  the  laboratory.  It  is  not  worth  while  for 
the  student  to  attempt  to  memorize  the  formulae  or  the  reactions 
involved.  The  examples  given  are  chosen  from  hundreds 
equaUy  hnportant  and  interesting. 

6g8.  Dyes.  The  Synthesis  of  Indigo. — In  earlier  times 
dyes  were  usually  plant  or  animal  products.  A  few  coloring 
substances,  not  dyes  in  the  strict  sense  of  the  word,  were  of 
mineral  origin.  At  present  all  but  a  small  proportion  of  dyes 
are  made  artificially  from  substances  obtained  from  coal  tar. 
In  a  few  cases  dyes  originally  obtained  from  plants  are  now 
made  in  the  laboratory.  The  most  interesting  case  in  point  is 
that  of  indigo,  which  has  long  been  one  of  the  most  imp>ortant 
blue  dyes.  It  is  the  product  of  a  plant  grown  extensively  in 
India,  Java,  and  elsewhere.  After  the  development  of  synthetic 
chemistry  it  was  apparent  that  the  artificial  production  of  any 
natural  chemical  substance  was  possible,  though  doubtless  in 
many  cases  difficult  of  realization.  This  possibility  led  chemists 
to  hope  that  indigo  could  be  made  in  the  laboratory.  The  first 
step  was  to  discover  its  structural  formula.  The  purification 
of  indigo  proved  easy,  and  the  analysis  of  the  pure  crystalline 
substance  was  a  matter  of  routine.  The  simplest  formula 
possible  according  to  the  analysis  was  CgHgNO;  but  the  vapor 
density  (71,  217)  indicated  a  molecular  weight  corresponding 
to  twice  this  formula,  namely,  Cx^HxoNaOa.    Now  it  would  be 


Organic  Compounds  447 

.possible  to  think  of  hundreds  of  molecular  arrangements  of 
16  atoms  of  carbon,  10  atoms  of  hydrogen,  and  2  each  of  nitrogen 
and  oxygen,  all  in  accord  with  accepted  laws  of  valence  (648) ; 
only  experiment  could  decide  which  if  any  of  these  formulae 
represented  the  structure  of  indigo.  Let  us  try  to  explain  how 
the  organic  chemist  attacks  this  kind  of  a  problem,  for  he  must 
solve  it  beyond  doubt  if  he  hopes  to  synthesize  the  substance. 
By  distillation  of  indigo  with  KOH  one  obtains  aniline  (674),  the 
structure  of  which  is  known  to  be 

The  oxidation  of  indigo  yielded  a  related  substance,  isatine,  for 
which  the  structure  had  been  shown  to  be 

II 
0 

These  facts  indicate  that  the  indigo  molecule  contains  the  atomic 
group 


C= 


a 


This  group  contains  8  atoms  of  carbon  and  i  of  nitrogen;  since 
indigo  is  CieHxoNaOa,  the  latter  probably  contains  two  isatine 
groups.  Finally,  after  many  years  of  research  the  structure  of 
indigo  was  shown  to  be  the  following: 


H 

H 

N^ 

yN 

C=C 

c/ 

\c 

0 

0 
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After  the  structure  of  indigo  had  been  found  it  was  not  long 
until  several  methods  were  devised  by  which  it  could  be  made 
synthetically;  for  once  he  knows  its  structure  the  organic 
chemist  can  attempt  the  building  up  of  a  molecule  with  nearly 
as  great  certainty  of  ultimate  success  as  an  architect  can  con- 
struct a  building  from  prepared  plans.  A  successful  technical 
synthetic  process  must  employ  starting  materials  that  are  suffi- 
ciently abundant  and  cheap.  For  the  artificial  production  of 
indigo  we  start  with  naphthalene  (moth  balls),  CioHg  (669),  the 
structure  of  which  is 


Oxidation  of  this  substance  yields  phthalic  add, 


/\C00H 
ly^yCOOH 


which  in  turn  yields,  by  the  aid  of  ammonia,  a  substance  having 

the  formula 

O 

o 

This  by  the  action  of  sodium  hj-pochlorite  (350)  gives  an  add 
of  the  following  composition: 


/NH. 


The  next  step  is  the  union  of  this  acid  with  chloracetic  add, 

I      jf  +ClCH,(X)OH-»[    Y  +Ha 

\/xX)OH  n/mXX)H 
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lien  the  product  is  heated  with  sodium  hydroxide  it  is  changed 

a> 


1  oxidation  with  air,  two  molecules  of  this  substance  give 
btcr  and  a  molecule  of  indigo, 


a: 


H 
C=C  I 

/     \cA/ 

o 


i£ciaJ  indigo  can  now  be  made  cheaper  than  the  natural  dye 

i  has  nearly  driven  the  latter  from  the  market. 

The  story  of  indigo  is  closely  paralleled  by  that  of  madder, 

"an  extract  from  the  root  of  which  dyes  turkey  red.     The  same 

dye  is  now  made  synthetically  from  snthracene,  CnH,„,  a 

coal-tar  product  resembling  naphthalene. 

The  story  of  indigo  has  been  told  in  some  detail  largely  to 
illustrate  the  method  by  which  a  natural  substance  is  reproduced 
s>'nthetically.  The  steps  in  the  process,  which  in  ail  cases  are 
the  same,  are  the  following:  first,  the  isolation  and  purification 
of  the  substance;  second,  the  analysis;  third,  the  molecular- 
weight  determination  to  discover  whether  a  multiple  of  the 
simplest  possible  formula  is  the  true  formula;  fourth,  the  dis- 
covery of  the  structure;  fifth  and  last,  the  synthesis  from  simple 
substances  or  from  the  elements.  Of  these  steps  the  fourth  is 
usually  the  most  difficult,  although  both  this  step  and  the  last 
demand  the  highest  skill  of  the  chemist.  It  would  require  the 
ice  of  a  chapter  to  give  even  a  brief  account  of  the  coal-tar 
Suffice  it  to  say  here  that  about  nine  hundred  different 
J-tar  dyes  are  made,  and  of  these  about  three  hundred 
Bin  active  demand.  Each  is  a  definite  chemical  substance, 
i  preparation  of  which  is  on  the  average  as  complicated  a 
s  as  thai  of  making  indigo.     At  the  beginning  of  the  war 
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90  per  cent  of  all  dyes  used  in  America  were  imported,  largely 
from  Germany.  At  the  close  of  the  war  we  were  making  in 
the  United  States  a  greater  tonnage  of  dyes  than  we  required, 
although  many  less  important  kinds  of  dyes  were  not  yet  made 
in  this  coimtry. 

699.  Synthetic  Medicinals  and  Photographic  Chemicals.— 
At  the  present  time  a  large  number  of  valuable  medicinal  sub- 
stances are  produced  synthetically  from  coal-tar  products. 
Many  of  these  substances  are  obtained  from  the  same  inter- 
mediate products,  so-called  intermediates,  that  are  used  in 
making  dyes.  Chemicals  used  as  photographic  developers  are 
also  derived  from  similar  intermediates.  These  facts  give  an 
added  significance  to  the  development  of  an  American  dye 
industry,  since  it  means  that  we  shall  also  be  able  to  manufacture 
in  this  country  our  required  medicinals  and  photochemicals.  A 
long  step  in  this  direction  was  taken  during  the  period  of  the  war. 

700.  Rubber. — It  has  long  been  known  that  the  composition 
of  natural  rubber  is  represented  by  the  very  simple  formula 
CsHs,  but  that  the  actual  formula  is  probably  CxoHi6  or  perhaps 
(CxoHx6)».  Thus  rubber  has  the  same  percentage  comp>osition 
as  the  comparatively  cheap  and  abundant  substance  turpentine, 
Cx3x6  (248).  It  is  therefore  not  surprising  that  enormous 
efforts  have  been  made  to  produce  synthetic  rubber.  On  account 
of  the  great  practical  importance  of  this  subject  a  brief  discus- 
sion may  prove  of  interest.  One  of  the  products  of  the  distilla- 
tion of  rubber  is  a  colorless  volatile  liquid  called  isoprene.  This 
has  the  simple  formula  CgHs  and  has  been  shown  to  have  the 

structure 

CH,:C(CH3)CH:CHa 

Isoprene  has  been  made  synthetically  by  several  methods.  It 
is  a  colorless  liquid,  which  by  treatment  with  certain  catalytic 
agents  changes  into  synthetic  rubber: 

2C5H8  ->  CxoHx6. 

As  long  ago  as  191 2  a  synthetic-rubber  automobile  tire  that 
had  run  5,000  miles  and  was  still  in  good  condition  was  exhibited 
at  the  International  Congress  of  Applied  Chemistry. 
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■  The  practical  problem  of  the  synthesis  of  rubber  is  then 
resolved  into  the  sufficiently  cheap  production  of  isoprene.  The 
starting  material  must  be  a  compound  of  carbon  and  hydrogen 
with  or  without  other  elements,  which  is  cheap  and  abundant 
and  convertible  with  a  good  yie!d  into  isoprene.  No  wholly 
satisfactory  technical  method  has  yet  been  found,  for  the  simple 
reason  that  the  cost  of  artificial  rubber  by  any  of  the  processes 
so  far  devised  is  greater  than  that  of  natural  rubber.  Here  then 
is  a  most  interesting  and  important  problem  for  the  future.  To 
the  chemist  who  solves  it  will  come  both  fame  and  wealth. 

701.  Sources  of  Organic  Material.— The  possibilities  of 
synthetic  organic  chemistry  are  very  aUuring  to  one  possessed 
of  an  active  imagination;  but  it  is  necessary  to  keep  in  mind 
that  all  synthetic  substances  must  be  made  from  other  carbon 
compounds,  and  that  if  a  substance  is  to  be  made  on  a  practical 
scale  it  can  be  made  only  from  something  sufficiently  abundant 
and  cheap.  These  facts  make  it  worth  while  to  consider  the 
natural  sources  of  organic  materials. 

The  principal  sources  are  (r)  plants,  (2)  animals,  (3)  coal, 
and  (4}  petroleum  and  natural  gas.  It  is  well  known  that  coal 
is  of  vegetable  origin;  and  it  seems  probable  that  petroleum 
comes  from  both  vegetable  aad  animal  matter.  Going  back  a 
step  farther  we  recall  that  all  animals  are  dependent  on  plants 
for  nourishment,  so  that  we  find  that  plants  are  the  ultimate 
source  of  all  other  organic  material.  We  have  also  seen  that  plants 
obtain  their  carbon  from  the  carbon  dioxide  of  the  air.  Although 
the  CO,  content  of  the  air  is  but  three  parts  in  10,000  by  volume, 
the  weight  of  this  gas  above  every  square  mile  of  the  earth's 
surface  amounts  to  about  10,000  tons.  Therefore  there  is  in  the 
air  an  immense  reserve  of  the  clement  carbon. 

We  have  already  referred  to  the  many  important  constituents 
of  coal  tar  (634,  667).  These  5er\'e  as  the  more  immediate 
starling  materials  for  numerous  organic  syntheses.  The  dis- 
tillation of  wood  also  yields,  in  addition  to  charcoal,  several 
very  useful  products,  of  which  methyl  or  wood  alcohol  (645}, 
acetone  (656),  and  acetic  acid  (653)  are  the  most  important. 


CHAPTER  XXVII 

THEORY  OF  DILUTE  SOLUTIONS 

Our  purpose  in  this  chapter  is  to  develop  in  greater  detail 
than  before  the  picture  of  the  condition  of  a  dissolved  sub- 
stance. This  will  be  accomplished  to  best  advantage  by  going 
over  at  the  same  time  parallel  work  done  on  gases. 

702.  The  Reality  of  Molecules. — ^According  to  the  kinetic 
theory  gases  are  composed  of  tiny  particles  moving  at  random 
with  velocities  of  rifle  bullets  and  spaced  from  each  other  dis- 
tances which  on  the  average  are  large  compared  with  the  diameter 
of  the  particles  (196).  This  picture  has  given  us  an  understand- 
ing of  why  all  gases  diffuse  through  and  occupy  any  space  in 
which  they  are  released.  It  has  also  explained  why  all  gases 
follow  the  same  laws,  namely  those  of  Charles  and  Boyle 
(4,  s).  Further  than  this,  however,  the  kinetic  theory  has 
explained  why  under  great  pressures  and  low  temperature  gases 
do  not  follow  these  laws  closely  (225).  So  great  has  been 
the  assistance  given  by  the  theory  in  understanding  the 
behavior  of  gases  that  the  actual  existence  of  molecules 
has  seemed  to  many  beyond  the  possibility  of  doubt,  even 
though  the  molecules  themselves  have  never  been  seen.  More 
recently,  however,  the  crowning  evidence  in  proof  of  the 
reality  of  molecules  has  been  brought  out  by  work  with  the 
ultra-microscope. 

703.  Perception  of  Molecules. — The  celebrated  French 
physicist  Perrin,  to  some  of  whose  work  on  the  cathode  rays 
we  have  referred  earlier  (478),  says,  "Direct  perception  of  the 
molecules  in  agitation  is  not  possible  for  the  same  reason  that 
the  motion  of  the  waves  is  not  noticed  by  an  observer  at  too 
great  distance  from  them.  But  if  a  ship  comes  in  sight,  he  is 
able  to  see  that  it  is  rocking,*'  and  this  "will  enable  him  to  infer 
the  existence  of  a  possibly  unsuspected  motion  of  the  sea's 
surface."    While  we  cannot  see  molecules  themselves,  we  can 

452 
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by  devices  now  to  be  described  see  the  phenomenon  which  is 
the  counterpart  of  the  boat  rocking  on  the  invisible  waves. 

In  place  of  a  ship  buffeted  about  by  waves  we  shall  observe 
particles  of  smoke  floating  in  the  air  and  exposed  to  the  bombard- 
ment of  air  molecules.  Although  these  smoke  particles  are 
far  larger  than  the  largest  molecules  {each  consisting  of  many 
molecules),  they  are  still  too  small  to  be  seen  even  under  a 
microscope  unless  they  are  brilliantly  illuminated.  The  smoke 
(from  a  cigarette  or  the  like)  is  contained  in  a  small  glass  box 
beneath  the  objective  of  the  microscope  and  is  illuminated  by  a 
beam  of  light  from  a  projection  lantern  focused  at  a  point  in 
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tlie  smoke  just  under  the  objective.  The  arrangement  is  illus- 
^^lated  in  Fig.  q8.  The  observer  looks  down  through  the  micro- 
^Hpope  upon  tiny  smoke  particles  which  are  illuminated  against 
^Hke  dark  background  by  the  horizontal  rays  from  the  lantern. 
^^Tie  field  of  the  microscope  seems  covered  with  a  "milky  way" 
of  bright  stars  which  are  the  flashes  of  light  reflected  to  the 
obscr\'er'5  eye  by  the  particles.  Thanks  to  the  dark  background 
e  can  be  easily  distinguished. 

The  flat-sided  jar  of  water,  N,  shown  in  the  figure  is  inter- 
ied  in  the  beam  from  the  lantern  in  order  to  cool  it  as  much 
•  possible  before  allowing  it  to  strike  the  box;  but  even  so  con- 
Ktion  currents  arc  set  up  within  the  box.  As  a  consequence 
I  these  currents  all  the  particles  drift  along  in  one  direction, 
■t  if  the  observer  watches  a  single  particle  it  will  be  seen  to  be 
Lndng  about  in  a  most  erratic  way.  This  jiggling  motion 
J  up  endlessly,  as  long  as  the  particles  themselves  are  in 
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suspension.  The  smaller  the  particles  the  more  violent  is  the 
motion.  In  more  refined  apparatus  still  smaller-  particles  can 
be  seen;  these  dart  over  distances  many  himdreds  of  times  their 
own  diameter.  The  fact  that  the  motion*  is  absolutely  erratic, 
and  that  any  suspension  of  any  substance,  the  individual  particles 
of  which  are  very  small,  exhibits  this  same  motion,  shows  that 
the  latter  is  due  to  the  irregular  bombardment  of  the  particles 
by  the  molecules  of  the  gases  in  which  they  are  suspended.  The 
particles  must  be  small  enough  to  be  moved  appreciably  by  a 
few  more  hits  by  molecules  on  one  side  than  on  the  other.  This 
motion,  called  from  its  discoverer  Brown  the  Brownian  move- 
ment, is  the  phenomenon  which  is  the  counterpart  of  the  rocking 
of  the  boat  upon  the  invisible  waves. 

704.  The  Kinetic  Theory  of  the  Liquid  State. — In  comparing 
liquids  with  gases  we  note  at  once  the  far  greater  density  of  the 
former.  The  kinetic  theory  (198)  describes  molecules  in  the 
liquid  state  as  moving  about,  much  as  they  do  in  the  gaseous 
state,  but  as  greatly  hampered  in  their  motion  on  accoimt  of  the 
crowding  of  the  molecules.  In  liquids  the  average  path  between 
collisions  is  much  shorter  than  in  gases,  so  that  diffusion  through 
the  former  is  very  much  slower  than  through  the  latter.  The 
smaller  distance  between  the  molecules  means  that  the  attrac- 
tion between  them  is  of  greater  moment  than  in  the  gaseous 
state.  This  attraction  falls  off  rapidly  with  increasing  distance, 
so  that  each  molecule  is  affected  by  its  inmiediate  neighbors 
only.  As  a  result,  within  the  Uquid  this  effect  is  balanced,  since 
the  pull  exerted  by  the  neighbors  comes  equally  from  all  sides. 
Only  at  the  surface  of  the  liquid  does  this  force  beomie  one- 
sided and  so  hampers  the  free  motion  of  the  molecules.  As  a 
result  only  a  few  of  the  faster-moving  molecules  can  escape 
from  the  surface  (199).  According  to  the  kinetic  theory  the 
average  kinetic  energy  of  molecules  in  solution  is  the  same  as 
that  of  molecules  in  the  gaseous  state  at  the  same  tanperatmc, 
so  that  the  light  molecules  in  solution  are  to  be  pictured  as  mov- 
ing very  much  faster  than  the  hea\y  ones.  In  many  ways  Ae 
success  of  the  kinetic  theory  in  helping  us  to  undeistauBd  Ae 
liquid  state  has  been  so  marked  that  its  validity 
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^Hven  before  the  development  of  the  more  direct  evidence  of  the 
^Btra-microscope. 

^H    705.  Brownian  Movements  in  Liquids. — The  existence  of 
^■lolecular  motion  in  liquids  can  be  demonstrated  by  the  Brownian 
^^fcovemcnts  of  very  tiny  particles  in  suspension  in  liquids,  just 
^Bs  it  can  be  in  the  case  of  smoke  particles.     Suspended  particles 
of  suitable  size,  whether  of  clay,  lampblack,  starch,  or  anything 
else,  all  exhibit  these  movements  irrespective  of  their  composition. 
The  pigment  gamboge,  when  rubbed  in  a  little  water  or 
dissolved  in  alcohol  and  added  to  water,  gives  a  yellowish  turbid 
liquid  which  consists  of  suspended  droplets  of  suitable  size  to 
^^how  the  Brownian  movements.   A  microscope  with  oil -immersion 
^Uijective  is  best  used.     If  a  drop  of  the  gamboge  suspension  is 
^^potinted  for  observation  under  the  objective  and  viewed  with 
^■Jihe  ordinary  illumination  reflected  from  the  mirror  below  the 
stage  of  the  instrument  many  tiny  particles  will  be  seen  in  the 
field.    Careful  observation  will  show  that  the  smaller  particles 
are  in  a  constant  tremor,  moving  erratically  over  paths  approxi- 
mately one  to  several  times  tiieir  own  diameters  in  length.     It 
seems  difficult  for  the  observer  to  believe  that  these  moving 
particles  are  not  alive,  so  lifelike  is  their  motion! 

706.  The  Revelations  of  the  Ultra-Microscope. — Suspensions 
of  far  smaller  particles  may  be  observed  if  instead  of  the  ordinary 
microscope  we  use  the  ultra-microscope.  To  build  a  crude  form 
of  the  latter  we  may  employ  the  same  set-up  as  was  used  for 
the  examination  of  the  smoke  particles,  except  that  we  must 
use  an  oil-immersion  lens  and  a  so-called  condenser.  In  this 
case  the  light  from  the  lantern  is  again  made  to  pass  through 
water,  but  this  time,  instead  of  being  directed  next  against  the 
object,  it  is  made  to  strike  the  mirror  below  the  stage  of  the 
microscope  and  is  reflected  into  the  condenser,  which  directs  it 
nbli/iuely  against  the  droplet  on  the  slide,  as  shown  by  the  path 
c'f  the  arrows  in  Fig.  99.  A  drop  of  pure  water  placed  on  the 
ilidc  appears  only  as  a  dark  field  to  the  observer;  but  if  there 
are  tiny  particles  present  in  it  flashes  of  light  arc-  reflected  from 
them  to  the  eye.  Zsigmondy,  who  with  Siedentopf  perfected 
l^^famltr^ikimcQD^Je^ribe^iaiirst  view  of  a  fine  suspcostQi^ 
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of  gold  particles  in  water  thus:  ''The  small  gold  particles  move 
and  that  with  astonishing  rapidity.  A  swarm  of  gnats  in  a 
sunbeam  will  give  one  an  idea  of  the  motion  of  the  gold  particles. 
....  They  hop,  dance,  jump,  dash  together  and  fly  aWay  from 
each  other  so  that  it  is  difficult  to  get  one's  bearings."  The  very 
fine  particles  seen  under  the  ultra-microscope  are  observed  to 

travel  much  more  rapidly  and  to  cover 
greater  distances  than  those  previously  de- 
scribed. It  should  be  realized  that  any 
suspension  in  any  liquid  shows  this  same 
erratic  motion.  Specimens  have  been  imder 
observation  for  years,  but  no  abatement 
of  the  Brownian  movement  has  been  ob- 
served. Suspensions  in  liquids  taken  from 
Fig.  99  the  interior  of  quartz  crystals  show  these 

same  motions,  and  yet  they  are  thousands 
of  years  old !  We  have,  therefore,  the  same  typ>e  of  evidence  of 
the  reality  of  the  existence  of  swift-moving  molecules  in  liquids 
as  we  have  in  gases. 

707.  Visible  Atmospheres. — ^Perrin  was  able  to  show  that 
fine  suspensions  may  be  considered  as  visible  atmospheres.  The 
pressure  due  to  the  impacts  of  the  ultra-microscopicaUy  visible 
particles  is  proportional  to  the  concentration  and  to  the  absolute 
temperature,  just  as  the  pressure  due  to  gas  molecules  is  pro- 
portional to  their  concentration  and  to  the  absolute  temperature. 
The  actual  number  (194)  of  molecules  in  a  gram  molecular 
weight  of  a  substance  in  the  gaseous  state  has  been  estimated 
as  6  X 10*^.  Perrin  estimated  the  number  of  suspension  particles 
in  what  would  be  a  gram  molecular  weight  of  a  suspended  sub- 
stance, namely  the  weight  of  substance  in  22 .4  liters  of  a  suspen- 
sion the  particles  of  which  at  0°  exert  a  pressure  of  760  min. 
The  numbers  found  for  a  great  variety  of  suspensions  were 
close  to  6  X 10*^.  The  viscosity  of  the  suspension  medium  seemed 
to  make  no  difference  in  the  result.  It  did  not  matter  whether 
the  suspension  medium  was  pure  water  or  the  very  viscous 
glycerine.  The  average  weight  of  the  particles  was  varied 
70,000  fold,  and  yet  the  results  were  the  same.    Thus  the  gas 
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1  Avogadro's  h>'pothesis  apply  to  these  suspensions. 
We  arc  then  to  think  of  fine  suspensions  as  miniature  atmospheres 
of  colossal  molecules  which  are  actually  visible. 

708.  Particles  in  Solution  7S.  Particles  in  Suspension. — 
■trticles  visible  in  the  ultra-molecular  microscope  are  called 

>ensions,  but  particles  just  too  small  to  be  seen  in  this  way 
lUst  be  counted  as  in  solution.     The  change  from  solution  to 

>cnsion  should  be  thought  of  as  gradual  rather  than  abrupt, 
r  the  distinction  seems  to  be  fundamentally  one  0/  llie  size  of  the 
triiirle. 

709.  Substances  in  Solution  vs.  Gases. — The  knowledge  that 
rticlcs  in  suspension  in  a  liquid  act  like  huge  gas  molecules 

inclosed  in  the  same  volume  as  that  of  the  solution  leads  at  once 
to  the  conception  that  substances  in  solution  may  also  be  con- 
sidered in  the  same  light.     To  test  this  theory  the  pressure  of 
the  dissolved  molecules  must  be  measured  separately  from  that 
of  the  molecules  of  the  solvent.     This  is  obviously  not  a  simple 
undertaking,  since  the  full  impacts  of  molecules  in  solution  are 
not  felt  by  a  surface  in  contact  with  the  latter 
because  of  the  attraction  inward  of  the  molecules 
which  come  to  the  surface  layer.    The  same  force 
which  prevents  the  free  migration  of  molecules 
^Jrom    the   surface   of    the    liquid    prevents    the 
^Measurement  of  the  force  of  their  impacts  by  such 
^Hevices  as  are  used   to   measure  gas  pressure. 
^Ttowever,  devices  to  suit  the  purpose  have  been 
found,  and    these  will   now   be   studied.     Since 
ihey  depend  on  the  operation  of  a  semipermeable 
membrane,  a  simple  example  of  ihe  latter  will  first 
be  described. 

710.  Semipermeable  Membranes.— A  so- 
^B^cd  semipermeable  membrane  is  a  membrane 
^^Buch  is  permeable  to  one  of  two  substances  in 
Hb  mixture  but   not  to  the  other,     A  layer  of 

thin  cloth  (muslin)  stretched  over  the  tubulated  end  of  the  oil 
manometer,  as  shown  in  Fig.  100,  and  wet  with  water  will  serve 
,  membrane  permeable  to  ammonia  but  n 
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stopper  at  A  permits  the  insertion  of  red  litmus  paper  into  the 
inner  chamber,  as  shown  in  the  figure.  When  ammonia  is  col- 
lected in  a  beaker  inverted  over  the  membrane,  the  oil  in  the 
manometer  moves,  showing  an  increase  of  pressure  in  the  inner 
chamber.  Meantime  the  litmus  paper  is  seen  to  turn  blue,  thus 
showing  that  ammonia  has  entered.  This  it  has  done  by  dis- 
solving in  the  upper  surface  of  the  water  film  and  diffusing 
through  it.    As  a  result  some  ammonia  molecules  soon  appear 

at  the  inner  surface  of  the  film  and  then 
escape  into  the  air  within  the  apparatus,  just 
as  in  the  case  of  the  diffusion  through  a  gas 
(191)  the  migration  of  ammonia  molecules 
through  the  water  and  air  layers  proceeds 
spontaneously  from  regions  of  higher  concen- 
tration to  those  of  lower  concentration  until 
there  is  no  longer  any  difference  between  the 
two.  Meantime  the  air  inclosed  in  the  ap- 
paratus is  not  able  to  escape,  since  it  is  not 
appreciably  soluble  in  water,  and  therefore 
the  total  pressure  increases. 

711.  The  Solution  Cell. — ^A  similar  oppa,- 
ratus  for  use  with  solutions  may  be  easily 
prepared  for  demonstration  purposes  by  at- 
taching a  parchment-paper  thimble  to  a  glass 
tube,  as  shown  in  Fig.  loi.  The  thimble  is 
filled  with  concentrated  sugar  solution  colored 
with  cochineal  and  immersed  in  a  beaker  of 
pure  water.  Water  can  pass  through  the 
parchment  wall  in  either  direction,  but  the 
sugar  and  the  cochineal  cannot  do  so  appre- 
ciably. Since  the  color  can  only  accompany 
the  sugar,  it  serves  as  a  convenient  marker 
for  the  presence  of  the  latter.  Soon  after 
the  cell  is  filled  and  the  stopcock  of  the  filling  tube.  A,  is 
closed  the  level  of  the  sugar  solution  begins  to  rise  in  the  verti- 
cal tube.  In  a  few  hours  the  surface  of  the  sugar  solution  will 
be  three  or  four  feet  above  the  level  of  the  water  in  the  outside 
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beaker.  There  is  obviously  a  close  analogy  between  this  experi- 
ment and  the  preceding  one.  The  water  in  the  former  cor- 
responds to  the  ammonia  in  the  latter,  since  each  can  pass 
through  the  membrane.  The  sugar,  like  the  air,  cannot  pass 
through  the  membrane.  Whatever  the  mechanism  by  which 
file  cell  operates,  it  is  plain  that  the  weight  of  the  column  of 
solution  is  borne  by  the  membrane,  except  for  the  slight  assist- 
ance given  by  the  pressure  exerted  against  it  by  the  water  in  the 
outside  beaker.  If  the  column  is  allowed  to  get  too  high  the 
thimble  will  be  broken.  For  accurate  measurements  stronger 
membranes  must  be  used,  and  they  must  also  be  of  substances 
more  truly  impermeable  to  sugar.  The  best  membranes  have  been 
made  by  precipitating  copper  ferrocyanide 
in  the  pores  of  unglazed  porcelain  cups. 

A  cell  of  this  type  is  shown  in  Fig.  102. 
The  porcelain  cup  which  holds  the  sugar 
solution  is  fitted  with  a  mercury  manom- 
eter, the  dosed  end  of  which  contains  nitro- 
gen gas.  As  water  enters  the  cell  through 
the  copper  ferrocyanide  membrane  deposited 
in  the  pores  of  the  cup,  the  nitrogen  in  the 
^manometer  is  compressed.  Since  the  manom- 
eter is  very  narrow,  only  a  small  increase  of 
volume  on  the  part  of  tlie  solution  in  the  cell 
results  in  a  very  great  compression  of  the 
nitrogen.  The  change  in  volume  of  the  latter 
(together  with  the  very  small  difference  in 
levels  of  the  mercury  in  the  manometer  arms) 
gives  the  necessary  data  for  calculating  the 
pressure  within  the  cup.    When  no  further  "" 

change  in  volume  of  the  nitrogen  is  seen,  the  pressure  of  the 
latter  is  just  sufficient  to  check  the  inflow  of  water  through  the 
lembrane.    The  pouring  of  the  water  into  the  sugar  solution 
rough  the  membrane  is  called  osmosis,  and  the  pressure  which 
checks  this  flow  is  called  the  osmotic  pressure  of  the  solution. 

712.  Results    of    Osmotic-Pressure    Measm-ement. — Table 
XXXm  gives  the  osmotic  pressures  of  cane-sugar  solutions 


I 
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at  60**  at  the  concentrations  indicated.  From  indirect  evidence 
chemists  long  ago  made  up  their  minds  that  the  molecular 
weight  of  sugar  is  342,  corresponding  to  the  formula  CiaHaaOxx 
(682) .  Hence  we  may  give  the  concentration  in  percentage  by 
weight  of  sugar  in  solution  and  also  in  terms  of  gram  molecular 
weights  of  sugar  to  1,000  grams  of  water,  i.e.,  weight-molar  con- 
centration. The  osmotic  pressure  is  given  first  in  lbs.  per  square 
inch,  in  order  that  the  magnitude  of  these  pressures  may  be 
visualized,  and  then  in  terms  of  atmospheres.  From  the  table 
it  is  evident  that  even  for  a  3  per  cent  solution  the  membrane 


TABLE  XXXin 
Osmotic  Pressures  op  Sugar  Solutions 


Concentration 

Osmotic  Pressurk 

Gas  Prkssuuc 

IN 

Atmospheres 

Ratio 

Percentage 

Weight-Molar 

Lbs.  PerSq.  In. 

Atmospheres 

O.P.  TO  G.P. 

3  3 

O.I 

40 

2.72 

2.72 

1. 00 

6.4 

.2 

80 

5-44 

5  43 

1. 00 

9  3 

3 

120 

8.14 

8-iS 

1. 00 

12.0 

4 

160 

10.87 

10.87 

1. 00 

14.6 

S 

202 

13-67 

13.58 

1. 01 

17. 1 

6 

244 

16.54 

16.30 

1. 01 

19-3 

7 

28s 

19.40 

19.02 

1.02 

21.5 

0 

8 

329 

22.33 

21.73 

I  03 

must  stand  a  pressure  of  40  lb.  to  the  square  inch.  For  a 
20  per  cent  solution  the  membrane  must  stand  a  pressure  of 
over  300  lb.  per  square  inch.  Students  will  readily  appreciate 
the  experimental  skill  necessary  to  make  these  measurements, 
when  they  think  of  their  own  difficulties  in  securing  an  apparatus 
tight  enough  to  stand  less  than  a  pound  of  pressure  without 
leaking!  In  the  fifth  column  is  given  the  pressure  which  a  like 
molecular  concentration  of  hydrogen  would  exert  at  the  same 
temperature.  The  close  agreement  between  osmotic  pressure 
and  gas  pressure  is  at  once  apparent  from  a  comparison  of  the 
fourth  and  fifth  columns.  This  is  brought  out  in  the  sixth 
column,  which  represents  the  ratio  of  osmotic  pressure  to  gas 
pressure.  Where  the  ratio  is  equal  to  i.oo,  the  two  may  be 
regarded  as  equal.    As  has  been  said,  this  data  is  for  solutions 
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How  osmotic  pressure  compares  with  gas  pressure  at 
ler  temperatures  Is  shown  in  Table  XXXIV,  which  represents 
:  ratio  of  osmotic  pressure  to  gas  pressure  for  solutions  at 
other  temperatures  as  well.  The  data  for  both  tables  have  been 
adapted  from  the  very  fine  work  of  Morse  and  Frazer,  of  Johns 
Hopkins  University. 

In  both  Table  XXXIII  and  Table  XXXIV  it  is  apparent 

lat  the  osmotic  pressures  are  indeed  close  to  the  corresponding 

[as  pressures.    If  we  look  at  the  deviations  from  the  gas  laws 

Iby  noting  how  much  greater  than  i  .00  the  ratios  are,  we  find 


TABLE  XXXIV 
IXCatio  op  OsuoTtc  Pkessurk  to  Gas  Pbbssuce  a 


VAKIOUS   TEKPEBATintES 


c.«™«„ 

o- 

,0- 

'»•           1 

60* 

(l-.l) 

t,06 
1.07 
1. 09 

1,06 
t   07 
i-og 

1.00        1 

I'-Z    i 
1.07     1 

i.oq          1 

I  00 

1.03 
1.04 

;!::::::::::::::: 

that  they  are  larger  the  lower  the  temperature  and  the  more 
concentrated  the  solution.     This  reminds  one  of  the  deviations 

-  of  the  behavior  of  the  gases  themselves  from  strict  agreement 

|nrith  the  gas  laws  (225). 

%  713.  Interpretation  of  Osmotic-PTeBsure  MeaBurements. — 
How  are  we  to  explain  the  striking  results  of  osmotic -pressure 
measurements?  The  fact  that  the  measured  osmotic  pressure 
of  a  solution  equals  the  pressure  due  to  a  gas  at  like  temperature 
and  of  like  molecular  concentration  as  that  of  the  dissolved 
substance  in  question  is  a  coincidence  so  remarkable  that  we 
cannot  call  the  agreement  one  of  chance.  Apparently  the  cell 
operates  because  water  is  at  a  diiTercnt  concentration  on  the 
two  sides  of  the  membrane  just  as  the  air-ammonia  cell  operated 
because  ammonia  which  could  pass  through  the  water  mem- 
brane was  at  first  more  concentrated  on  one  side  than  on  the 
other.  In  the  sugar-water  cell  presumably  the  pressure  due 
0  the  impacts  of  the  molecules  against  the  memhcu 
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the  same  from  both  sides;  hence  the  pressure  of  water  molecules 
inside  the  cell  is  short  of  that  outside  by  just  the  pressure  due 
to  the  impacts  of  the  sugar  molecules.  This  pressure  must  be 
put  upon  the  solution  in  order  that  the  water  may  be  made 
to  pass  back  from  solution  to  pure  water  at  the  same  rate  that 
it  is  coming  into  the  cell  and  equilibrium  thus  be  established. 
In  this  way  we  may  explain  the  operation  of  the  cell  and  the 
peculiar  values  foimd. 

In  our  previous  work  we  have  always  given  concentrations 
of  solutions  in  terms  of  weight  of  dissolved  substance  per  liter  of 
solution.  In  the  above-mentioned  work  concentration  is  given 
in  terms  of  weight  of  dissolved  substance  per  liter  of  solvent^ 
since  the  values  so  obtained  are  a  little  nearer  to  the  correspond- 
ing gas  pressures,  presumably  because  the  amoimt  of  solvent 
is  a  measure  of  the  actual  free  space  through  which  the  dissolved 
particles  move. 

In  measuring  the  pressure  which  must  be  put  upon  a  solu- 
tion to  check  the  inflow  of  solvent  into  it  when  separated  from 
the  solvent  by  a  semipermeable  membrane,  we  are  measuring 
a  force  which  is  equal  to  the  pressure  exerted  by  the  impacts 
of  the  molecules  of  the  dissolved  substances.  From  such 
measurements  we  learn  that  substances  in  dilute  solution  act 
much  as  though  they  were  in  the  gaseous  state,  at  the  same 
temperature  and  inclosed  in  volumes  equal  to  the  voliune  of  the 
pure  solvent  in  the  solution. 

714.  Other  Theories  of  Osmosis. — ^The  theory  just  presented 
of  the  mechanism  by  which  the  semipermeable  membrane  cell 
operates  is.  not  the  only  possible  explanation  of  the  facts.  For 
instance,  some  prefer  to  regard  the  motion  of  the  solvent  through 
the  membrane  as  due  to  an  attraction  by  the  solution.  Osmotic 
pressure  would  be  the  result  of  a  sort  of  suction.  As  yet  the 
theory  presented  above  has  been  by  far  the  more  useful. 

715.  Van*t  Hoff's  Theory  of  Solutions.— The  great  Dutch 
chemist  van*t  Hoff  was  the  first  to  point  out  that  the  gas  laws 
should  hold  for  substances  in  very  dilute  solution.  He  drew 
his  conclusions  from  considerations  of  a  purely  theoretical 
nature  at  a  time  (1887)  when  the  data  at  hand  for  the  eaqperi- 
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ntal  confirmation  of  his  theory  were  far  less  accurate  than 
>5e  given  in  Tables  XXXIII  and  XXXIV  and  showed  far  less 
arly  the  truth  of  his  statements.     Van't  Hoff  pointed  out 
iBt  the  laws  of  gases  should  be  followed  by  substances  in  very 
Slute  solution  only,  since  in  the  more  concentrated  solutions 
:  formation  of  complexes  between  the  solvent  and  the  dis- 
solved substance  and  between  the  molecules  of  the  latter  make 
conditions  which  are  not  parallel  to  those  found  in  gases  which 
lilow  the  simple  gas  laws. 

716.  The  Avogadro-van't  Hoff  Hjrpothesis. — Van't  Hoff  also 
ierted  the  so-called  Avogadro-van't  Hoff  hypothesis,  a  generali- 

ktioD  of  tremendous  importance  In  the  growth  of  modern  chem- 
This  hypothesis  is  simply  the  application  of  Avogadro's 
lothesis  to  substances  in  solution.     Equal  volumes  of  solu- 
tij  of  all  substances  which  have  equal  osmotic  pressures  at  the 
e  lemperalure  contain  the  same  number  of  dissolved  molecules. 

717.  Molecular  Weights  from  Osmotic-Pressure  Data. — 
As  a  first  result  of  the  establishment  of  this  principle  we  have 
learned  how  to  find  the  relative  weights  of  molecules  in  solution 
{molecular  weights)  by  finding  what  weight  of  the  substance  in 
question  will  exert  76  cm.  of  osmotic  pressure  at  0°  when  dis- 
soFved  in  22 .4  liters  of  solvent. 

718.  Raoult's  Work.  Shorter  Methods  of  Determining 
Molecular  Weights. — Before  van't  Hoff's  work  was  published, 
Raoult,  a  French  chemist,  working  with  a  great  variety  of  sub- 
stances the  molecular  weights  of  which  were  known,  had  shown 
that  a  gram  molecular  weight  of  each  dissolved  in  a  given  weight 
of  solvent  produced  about  the  same  lowering  of  the  vapor 
pressure  of  the  tatter,  provided  the  dissolved  substance  was  not 
volatile.  Van't  Hoff  pointed  out  (on  the  basis  of  reasoning 
which  we  need  not  now  consider}  that  this  is  a  necessary  con- 
sequence of  the  fact  that  Avogadro's  hypothesis  applied  to  dilute 
solutions.  Therefore  the  molecular  weight  of  an  unknown 
substance  in  solution  may  be  determined  by  finding  what  weight 
of  this  substance  is  required  to  give  a  solution  of  vapor  pressure 
equal  to  that  of  a  half-molar  solution  of  a  substance  the  molec- 

r  weight  of  which  is  known.    Twice  tbe  value  found  would 
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be  the  molecular  weight  of  the  new  substance.  Raoult's  observa- 
tions are  for  dilute  solutions,  so  that  the  work  should  not  be 
done  with  concentrations  greater  than  half-molar. 

We  have  already  seen  that  one  result  of  the  lowering  of  the 
vapor  pressure  of  a  liquid  by  dissolving  a  non-volatile  foreign 
substance  in  it  is  that  the  solution  boils  at  a  higher  temperature 
than  the  pure  solvent  (128).  Raoult  showed  that  the  elevation 
of  the  boiling-point  is  proportional  to  the  number  of  gram  molec- 
ular weights  of  substance  dissolved  in  unit  weight  of  solvent.  If 
one  gram  molecular  weight  0/  a  non-volatile  substance  is  dis- 
solved in  1,000 g.  of  wat^r  the  boiling-point  is  raised  0.50°. 
This  is  the  so-called  molar  elevation  for  water.  A  gram  molec- 
ular weight  of  a  substance  dissolved  in  1,000  g.  of  ether  elevates 
the  boiling-point  of  the  latter  2 .  20°.  Here  then  is  another  way 
of  determining  molecular  weights  of  substances  in  solution.  We 
have  only  to  find  how  much  of  the  new  substance  must  be  dis- 
solved in  1,000  g.  of  solvent  to  produce  the  molar  elevation  of 
the  boiling-point,  in  order  to  find  the  molecular  weight  of  the 
substance  in  question. 

The  freezing-point  of  a  solution  affords  still  another  method. 
The  depression  of  the  freezing-point  of  the  solvent j  like  the  elevation 
of  the  boiling-point,  is  proportional  to  the  number  of  gram  molec- 
ular weights  present  per  unit  weight  of  solvent,  provided  the  latter 
is  the  only  substance  which  separates  from  solution  during  the 
freezing.  Water  solutions  which  contain  one  gram  molecular 
weight  of  dissolved  substance  per  1,000  g.  of  water  freeze  at 
—  1.85®.  Hence  the  molar  depression  of  the  freezing-point 
of  water  may  be  taken  as  i  .85®.  That  of  the  solvent  benzene 
(667)  is  5.3°.  Accordingly  we  need  only  find  what  weight  of 
substance  is  necessary  to  produce  the  molar  depression  of  the 
freezing-point  of  a  suitable  solvent  to  find  the  molecular  weight 
of  the  substance  in  question  in  the  solvent  used. 

719.  The  Importance  of  the  Work  of  van't  Hoff  and  of 
Raoult. — ^The  general  acceptance  of  Avogadro's  hypothesis 
(about  i860)  initiated  a  new  era  in  chemistry.  A  second  great 
development  of  chemistry  began  in  1887,  with  the  annoimcement 
of  the  Avogadro  van't  Hoff  hypothesis.    The  latter  furnished 
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;  basis  (or  the  understanding  of  reactions  in  dilute  solution, 
1st  as  the  originaJ  hypothesis  had  done  for  gas  reactions.  Much 
i  the  rapidity  of  the  development  of  the  work  on  dilute  solutions 
I  due  to  the  relatively  simple  exprerimental  methods  of  Raoult 
T  determining  molecular  weights  of  dissolved  substances.  The 
nmediate  result  of  the  work  of  these  two  men  was  the  presenta- 
I  of  new  and  independent  evidence  concerning  the  ionic  hy- 
lOthesis  which  was  just  being  developed  by  Arrhenius  {in  1SS7), 
lainly  from  work  on  conductivity  measurements. 

720.  Molecular  Weights  of  Acids,  Bases,  and  Salts. — When 
e  molecular  weights  of  acids,  bases,  and  salts  were  determined 

I  water  solution  abnormal  results  were  found.  Thus  in  the 
;  of  hydrogen  chloride,  which  as  a  gas  has  the  molecular 
Feight  36.5,  the  molecular  weight  in  water  solution  was  found 
D  be  much  less  than  this,  and  furthermore,  when  measurements 
were  made  on  solutions  of  greater  and  greater  dilution,  the 
results  found  grew  smaller,  reaching  about  iS  .3  as  a  limit. 
The  significance  of  abnormally  low  molecular  weight  in  the 
;  of  ammonium  chloride  vapor  (539)  was  shown  to  be  due 
D  dissociation  into  ammonia  and  hydrogen  chloride.  Arrhenius 
,  quick  to  point  out  that  the  abnormally  low  molecular 
ireights  of  electrolytes  must  also  be  due  to  the  fact  that  the 
^ginaJ  molecules  must  have  dissociated  into  ions  in  water 
lolution.  The  fact  that  these  molecular  weights  get  smaller 
jrith  increasing  dilution  is  evidence  of  increased  dissociation 
jfiih  dilution;  but  finally,  when  the  degrees  of  dissociation 
!  calculated  from  freezing-point  data  and  compared  with 
c  values  found  for  the  same  concentrations  by  the  conductivity 
lethod  (408),  the  two  were  found  to  agree  so  closely  that  little 
loubt  remained  of  the  correctness  of  the  ionic  hypothesis, 

721.  The  Degree  of  Dissociation  from  Molecular-Weight 
letenninations. — The  method  of  calculation  of  the  degree  of 

Kiation  from  molecular-weight  determinations  is  best  lUus^ 
rated  by  an  example.  In  the  case  of  potassium  chloride  the 
mplest  formula  is  KCl,  indicating  a  molecular  weight  of  74-6. 
I  KCl  ionizes  thus, 

KCWK+-I-C1-, 
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it  is  plain  that  if  icx)  molecules  were  originally  present  and 
80  per  cent  of  them  broke  down  into  ions,  the  total  number  of 
free  particles  present  would  be  180  instead  of  100.  If  we  start 
with  74.6 g.  of  KCl  in  1,000 g.  of  water  and  80  per  cent  is 
dissociated,  we  shall  have  present  0.2  gram  molecular  weight 
of  KCl,  0.8  gram  molecular  weight  of  potassium  ion,  and 
0.8  gram  molecular  weight  of  chlorine  ion,  making  a  total  of 
1 .8  gram  molecular  weights  from  the  74.6  g.  of  salt  dissolved 
instead  of  one  gram  molecular  weight.  The  observed  depres- 
sion of  the  freezing-point  of  water  will  be  i  .8  times  as  great  as 
is  expected  for  one  gram  molecular  weight  of  total  substance 
dissolved  in  the  same  volume.  Hence  the  apparent  molecular 
weight  of  KCl  calculated  from  the  freezing-point  of  a  solution 
80  per  cent  ionized  will  be  74.6-7-1.8=41.4.  Conversely,  if 
the  molecular  weight  of  a  KCl  solution  found  in  the  usual  way 
by  the  freezing-point  method  is  41 .4,  the  degree  of  dissociation 
of  the  solution  is  found  thus:  74.6-5-41.4  =  1.80.  From  this 
we  conclude  that  the  dissociation  is  80  per  cent. 

722.  Degree  of  Dissociation  of  Electrolytes  by  Two 
Methods. — The  degrees  of  dissociation  of  a  number  of  electro- 
lytes at  different  concentrations  as  calculated  from  molecular- 
weight  determinations  by  the  method  just  illustrated  are  shown 
in  Table  XXXV  (line  I  for  each  substance)  in  comparison  with 
like  data  for  the  same  substance  as  found  from  electrical  con- 
ductivities (line  II).  (In  the  more  concentrated  solutions  the 
latter  data  have  been  corrected  for  changes  in  the  viscosity  of 
the  solution  with  concentration.  Obviously,  if  the  viscosity  of 
the  solution  increases,  the  rapidity  with  which  the  same  ions  will 
move  imder  the  same  attractive  force  will  be  diminished  so  that 
a  correction  is  necessary.)  Concentrations  are  given  in  terms  of 
molecular  weights  per  liter  except  in  the  cases  of  salts  having 
bivalent  ions.  In  these  cases  the  fraction  J  indicates  that  the 
concentration  is  one-half  the  concentration  indicated  at  the  head 
of  the  column.  The  solutions  represented  in  the  same  column 
contain  equivalent  weights  of  materials  (403). 

Apparently  the  agreement  between  the  results  of  the  two 
methods  is  within  a  few  per  cent  for  concentrations  up  to 
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0.5  molar  for  salts  consisting  of  two  univalent  ions  in  com* 
bination,  and  for  concentrations  up  to  0.25  molar  for  salts 
consisting  of  two  imivalent  ions  imited  to  one  bivalent  ion. 
With  increasing  concentrations  for  both  types  the  divergences 
become  larger.  Data  for  salts  made  up  of  higher  valent  ions 
show  even  greater  disagreements  in  the  two  methods.    However, 


TABLE  XXXV 
Degrees  of  Dissociation* 


CoocentratiaQs 


Kcin 


NaQI 

Naan 


KBrI 
KBrn 

Ha  I. 
Hcin 


HNQiI 

HNq,n 


BaCUQ)  I 
BaCUd)  n 

CaCUtt)  I 
CaCUd)  n 


Pb(NCW.(i)  I 

Pb(NOj.(J)  n 


K.S04(J)  I. 
KJ504(J)  n 


o  05 


o  10 


89% 
89 

89 

88 

90 
89 

93 
94 

91 
94 

82 
80 

84 
80 

72 
71 

78 


86% 
86 

88 
«S 

86 
86 


79 
76 

82 
76 

64 

73 


^  Adapted  bom  tkt  mk  of  No^rc*  mxA  Falk. 


O    JO 


«3% 
83 

83 
82 

84 
83 


7(» 
72 

80 
75 

57 


o  50 


80% 
78 

82 

7/ 

8[ 
77 


4} 
45 

:7 


the  aHnpUcations  which  arise  undirr  U/th  Ih^rv;  u'r'um>.WnM;i> 
make  these  disciqmicies  appear  to  be  in  ktn^iAny,  wii  h  1  h<;  f  un^la^ 
mental  theory. 

733.  SoimiMiy. — The  material  4^^1/1^-/1  in  Oti%  i}iS0.\AA:r 
may  be  summarized  as  folkiwi»:  ^i'hf;  ^xhUth^M:  (A  ttt/-,  tiifrnuy^ 
molecules  in  fiqidds  as  deBonh^  by  tli^;  ki/iHi/.  iU^jf^y  h^tx  S^A-it 
put  beyond  the  posnbility  of  d^/ut/t  I//  ihi;  /)ir/y/vify  i^^t  ^J 

are  in  canbtaxrt  u^Aifm ,    l'K9fUt  )am  ^/wu 
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that  these  fine  suspensions  behave  like  atmospheles  of  huge 
molecules.  The  kinetic  energy  of  a  suspension  particle  is  equal 
to  that  of  a  gas  molecule  at  the  same  temperature.  In  fact, 
the  gas  laws  may  be  applied  to  these  suspensions.  Even  when 
the  average  mass  of  thp  molecules  is  varied  70,000  fold,  the 
same  results  are  found.  Since  the  distinction  between  an 
extremely  fine  suspension  and  a  solution  is  fundamentally  one 
of  the  size  of  the  particles,  it  seems  plausible  that  a  substance  in 
dilute  solution  might  also  be  found  to  behave  as  though  in  the 
gaseous  state. 

The  pressure  exerted  by  the  molecules  of  a  dissolved  substance 
is  determined  by  measuring  an  equal  and  opposite  pressure, 
namely  that  of  the  inflow  of  solvent  into  the  solution  through 
a  membrane  permeable  to  the  solvent  but  not  to  the  dissolved 
substance.  The  pressures  so  measured  are  found  to  be  very 
nearly  equal  to  the  pressure  which  a  gas  would  exert  if  of  the 
same  molecular  concentration  and  at  the  same  temperature  as 
the  dissolved  substance.  Thus  the  analogy  between  substances 
in  dilute  solution  and  in  the  gaseous  state  is  completely  borne 
out.  Van't  Hoff,  who  was  the  first  to  develop  the  theory  of 
dilute  solutions,  pointed  out  that  Avogadro's  Law  should  hold 
for  substances  in  dilute  solution.  On  the  basis  of  this  assump- 
tion the  molecular  weight  of  a  substance  in  solution  can  be 
obtained  by  finding  what  weight  of  the  latter  dissolved  in  22.4 
liters  will  exert  760  mm.  osmotic  pressure  at  0°.  Raoult,  work- 
ing with  a  great  variety  of  substances,  the  molecular  weights  of 
which  were  known,  showed  that  a  gram  molecular  weight  of 
each  produced  about  the  same  change  in  the  vapor  pressure  of 
the  solvent.  The  corresponding  changes  in  the  boiling-point 
and  freezing-point  can  be  easily  measured.  The  theoretical 
deductions  of  Van't  Hoff  showed  that  the  experimental  methods 
of  Raoult  were  simply  other  methods  for  determining  the  rela- 
tive weights  of  the  molecules  as  they  existed  in  the  solutions. 

On  the  basis  of  the  work  of  these  two  men  the  existence  oi 
particles  smaller  in  weight  than  the  original  molecules  of  elec- 
trolyte dissolved  in  water  solutions  was  established.  Further- 
more the  amounts  of  these  smaller  particles  were  found  to  be 


CHAPTER  XXVm 

DISPERSE  SYSTEMS 

725.  Introduction. — The  surface  layer  of  a  massive  solid  or 
of  a  liquid,  as  it  is  contained  in  an  ordinary  vessel,  b  of  negligible 
importance  chemically  compared  to  its  total  mass.  But  if  the 
solid  is  made  into  dust  or  the  liquid  is  transformed  into  fine 
droplets,  the  surface  layer  is  enormously  increased  and  new 
ohenomena  become  prominent.  Dusts,  mists,  and  other  finely 
divided  materials  may  be  characterized  as  disperse  systems. 
They  are  to  be  the  subject  of  our  next  study. 

726.  Cohesion  and  Adhesion. — ^The  structure  of  gases  and 
solids  need  not  be  discussed  further  here.  But  some  points  about 
the  structure  and  behavior  of  liquids  may  well  be  taken  up  in 
preparation  for  the  subsequent  discussion.  We  are  familiar 
with  the  sight  of  a  liquid  falling  in  drops  from  the  tip  of  a  pipette 
or  burette.  As  soon  as  a  given  volume  of  liquid  is  free  from 
outside  influence,  such  as  gravity,  attraction  from  the  walls 
of  the  containing  vessel,  etc.,  it  tends  to  form  a  sphere.  If  the 
drop  is  very  small,  the* sphere  will  be  nearly  perfect  even  when 
pulled  down  against  a  supporting  surface  by  gravity.  This  is 
well  illustrated  in  the  case  of  small  drops  of  mercury  resting  on 
paper.  The  attraction  between  molecules  falls  oflF  very  rapidly 
as  the  distance  between  them  increases.  As  a  consequence 
only  the  immediate  neighbors  of  a  given  molecule  in  a  liquid 
exert  any  appreciable  influence  upon  it,  and,  except  in  the  surface 
layer,  this  attraction  is  balanced,  since  it  comes  equally  from 
all  sides.  But  in  the  surface  layer  the  molecules  are  pulled 
inward  and  there  is  no  compensating  pull  outward  from  beyond 
the  surface.  The  net  result  is  that  the  surface  layer  acts  as  ^ 
compressing  membrane  upon  the  rest  of  the  drop.  Work  must 
be  done  against  this  inward  pressure  if  a  liquid  is  to  be  sub- 
divided. This  fact  may  be  easily  observed  if  the  finger  is  used 
to  divide  a  large  drop  of  mercury  resting  on  a  flat  glass  surface. 

470 
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E  The  floating  of  a  needle  on  the  surface  of  water  is  another  well- 
F  known  experiment,  used  to  illustrate  this  resistance  of  a  liquid 
I  to  deformation.  When  two  drops  touch  each  other  they 
promptly  merge  into  a  single  drop.  This  occurs  because  at 
the  instant  of  contact  the  surface  layer  no  longer  exists  where  the 
drops  touch.  The  tension  on  the  remaining  surface  layer  forces 
the  drops  together  into  a  new  sphere,  since  the  latter  has  the 
smallest  surface  of  any  shape  which  a  given  volume  of  substance 
may  take. 

The  attraction  of  like  particles  for  each  other  is  called  cohe- 
sioa,  in  contrast  to  adhesion,  the  attraction  between  unlike 
particles. 

If  a  clean  glass  plate  (free  from  grease)  is  allowed  to  touch 

iie  surface  of  water  and  is  then  gently  raised,  the  water  will  be 

ifted  with  it  several  millimeters  before  the  surface  breaks  and 

li^e  glass  is  released.    The  water  is  said  to  adhere  to  the  glass. 

■As  a  matter  of  fact  the  water  molecules  hold  tighter 

frto  the  glass  than  to  each  other,  for  when  the  separa- 

I'jion  comes  water  parts  from  water  and  not  from 

glass.     The  surface  of  water  in  a  small,  clean  glass 

vessel  is  concave  upward  because  of  the  spreading  of 

the  water  upon  the  surface  of  the  latter.     If  a  glass 

capillary  tube  is  placed  in  water  the  latter  rises  in 

■.'the  tube  high  above  its  level  outside  (Fig.   io3.-l). 

■The  rising  of  the  water  in  the  tube  against  the  force 

E  gravity  occurs  because  of  the  attraction  of  the  glass  for  the 
krater  molecules,  and  stops  when  this  force  is  just  balanced  by 
Ihe  weight  of  water. 

On  the  same  principle,  when  blotting  paper  or  filter  paper  is 
put  into  water  the  latter  rises  in  the  paper  even  against  the  force 
'  gravity.  Before  blotting  paper  was  introduced,  ink  was 
dried  by  dusting  sand  over  it.  The  excess  ink  was  taken  up 
(adsorbed)  on  the  surface  of  the  sand  grains  and  was  removed 
with  the  latter.  The  adsorption  of  liquids  by  fine  powders  has 
become  of  great  importance  in  industry.  Nitroglycerine  is 
adsorbed  by  a  very  finely  divided  silica  (silicon  dioxide)  called 
infusorial  earth,  an  important  substance  which  will  be  spoken 
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of  again  (732).    In  this  form,  called  dynamite  (692),  nitro- 
glycerine is  much  more  safely  handled  than  as  a  pure  liquid. 

All  liquids  do  not  wet  (adhere  to)  all  solids.    For  example, 
mercury  does  not  wet  glass.    When  mercury  is  contained  in  a 
glass  vessel  the  shape  of  its  surface  is  convex  upward 
I  I  (Fig.  1035).     This  curvature  is  due  to  the  usual 

I  I  pulling  inward  of  the  molecules  of  the  surface  layer 

I  I  of  the  liquid.     If  a  glass  capillary  tube  is  thrust 

I  I  into  mercury,  the  level  of  the  latter  inside  the  tube 

^l^^i     is  lower  than  outside  simply  because  the  pull  inward 
IHI^B     of  the  surface  layer  resists  the  deformation  made 
Fig.  103B     by  the  tube.    Mercury  is  not  adsorbed  by  blotting 
paper.    Water,  of  course,  behaves  the  same  way 
toward  surfaces  which  it  does  not  wet.    Apparently  the  force 
of  adhesion  depends  on  the  nature  of  the  substances  in  question. 
727.  Surface  Areas. — ^The  foregoing  examples  are  sufficient 
to  illustrate  well-known  surface  phenomena.    Table  XXXVI, 
which  gives  the  surface  area  of  a  cube  with  continuous  subdivi- 
sion, illustrates  how  greatly  the  surface  of  a  given  mass  of  sub- 
stance may  vary,   and  consequently  how  effects  which  are 
ordinarily  slight  may  become  of  great  importance. 

TABLE  XXXVI 


Length  of  Edge  of  Cube 

Number  of 
Cubes 

Total  Surface 

I  cm 

I 
IO» 
10" 

6  sq.  cm. 
60  sq.  cm. 
6  sq.  m. 
6000  sq.  m. 

I  mm 

o.ooi  mm 

0.000,001  mm 

If  these  areas  are  changed  into  the  system  to  which  we  are 
accustomed,  we  find  that  if  a  cube  one  centimeter  on  one  side 
is  divided  into  little  cubes,  each  o.ooi  mm.  on  one  side,  the 
total  surface  is  about  65  square  feet.  If,  however,  the  original 
cube  is  subdivided  into  smaller  cubes,  each  0.000,001  nmi.  on 
a  side,  the  total  surface  is  almost  an  acre  and  a  half! 

728.  Adsorption  of  Gases  by  Charcoal. — If  charcoal  is 
freshly  heated  and   thrust  into  ammonia  gas  confined  over 
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lercury,  the 

coal  cools  and  finally  lo  remain  high  above  its  old  level  (Fig.  104), 
showing  that  the  ammonia  has  been  taken  up  by  the  charcoal. 
There  remains  in  the  latter  the 
cellular  structure  of  the  sub- 
stance from  which  it  was  made, 
so  that  it  is  composed  of  innu- 
merable tiny  pores  and  therefore 
presents  an  enormous  surface. 
The  fast-moving  ammonia  mole- 
cules encounter  this  and  are 
held  upon  it.  A  few  of  the 
molecules  are  able  to  escape  the 
carbon,  apparently,  for  all  are  not  taken  up,  and  finally  there  is 
an  equilibrium  between  the  free  ammonia  and  that  adhering 
to  the  charcoal.  The  ammonia  is  said  to  be  adsorbed  by  the 
charcoal.  The  higher  the  temperature,  the  more  rapidly  is 
equilibrium  reached,  but  the  smaller  is  the  amount  adsorbed. 
It  was  on  this  account  that  the  charcoal  was  freshly  heated 
before  it  was  used  in  the  foregoing  experiment,  in  order  that  its 
surface  should  be  free  from  other  gases.  Charcoal  is  a  very 
good  adsorbent  for  gases,  but  it  does  not  adsorb  all  gases  to  an 
equal  degree.  Thus  a  given  sample  was  found  to  adsorb  90 
times  its  own  volume  of  ammonia,  35  times  its  volume  of  carbon 
dioxide,  but  only  i  ,7  times  its  volume  of  hydrogen.  In  the 
recent  war,  filters  of  specially  prepared  cocoanut-shell  charcoal, 
mixed  with  other  chemicals,  were  used  in  gas  masks  to  remove 
poison  gases  from  air  inhaled  through  them. 

729,  Air  and  Glass.— So  strongly  is  air  adsorbed  on  the  sur- 
face of  glass  that  great  difficulty  is  found  in  preparing  barometer 
tubes  which  shall  have  a  perfect  vacuum  in  the  space  over  the 
mercury.  It  is  not  sufficient  to  fill  a  glass  tube  with  mercury  and 
then  invert  it  with  the  open  end  under  mercury.  The  tube  is 
filled,  put  under  vacuum,  and  heated  for  some  time  before  the 
air  is  removed  and  the  tube  is  ready  to  be  put  in  place. 

730.  Water  Vapor  and  Glass. — Accurate  workers  have  long 
known  that  glass  surfaces  are  covered  with  a  thin  water  film 
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which  is  with  difl&culty  removed.  Water  molecules  encounter 
the  glass  surface  and  are  held  there  owing  to  the  very  strong 
attraction  of  water  to  glass,  to  which  attention  has  already  been 
called. 

These  and  other  experiences  show  that  on  the  surface  of  every 
solid  exposed  to  a  gas  we  may  expect  to  find  an  adsorbed  layer 
of  the  latter.  If  the  solids  are  finely  divided,  so  that  the  surface 
is  large,  the  result  may  become  of  great  importance. 

73 1 .  Adsorption  and  Catalysis. — We  have  many  times  noticed 
the  catalytic  effect  of  finely  divided  metals  on  gas  reactions. 
For  example,  the  union  of  hydrogen  and  oxygen  (303)  is  greatly 
accelerated  by  the  presence  of  finely  divided  platinum.  We 
find  that  platinum  takes  up  both  hydrogen  and  oxygen  in  con- 
siderable quantity.  As  early  as  1844  Faraday  pointed  out  that 
one  result  of  the  presence  of  a  metallic  catalyst  is  that  on  its 
surface  the  gases  undergoing  reaction  are  at  far  greater  con- 
centration than  in  the  gas  mixture  itself.  Such  a  layer  would 
react  far  more  rapidly  than  the  main  mixture.  Undoubtedly 
adsorption  is  the  first  stage  of  the  reaction  on  these  contact 
agents.  But  some  absorption,  or  penetration  of  the  adsorbed 
gas  beneath  the  surface  on  which  it  is  at  first  held,  follows,  and 
in  some  cases  compounds  are  formed. 

732.  Adsorption  from  Solution. — If  a  little  of  the  dyestuff 
methyl  violet,  often  used  as  the  purple  tint  of  indelible  ink 
pencils,  is  added  to  water,  a  beautiful  purple  solution  results 
which  may  be  filtered  unchanged.  But  if  charcoal  (from  sugar, 
for  instance)  is  shaken  in  this  solution  and  the  mixture  is  then 
poured  on  the  filter,  the  filtrate  is  found  to  be  colorless.  The 
methyl  violet  has  been  adsorbed  by  the  charcoal.  That  the 
dye  has  not  been  destroyed  may  be  shown  by  pouring  alcohol 
through  the  filter.  The  filtrate  again  shows  the  brilliant  color 
of  the  dye.  An  enormous  nimiber  of  substances  are  adsorbed 
from  water  by  charcoal.  It  is  because  of  this  property  that  it  is 
an  effective  filter  for  purifying  water.  However,  there  are  limits 
to  the  amount  that  a  given  column  of  charcoal  can  adsorb,  so 
that  it  soon  loses  this  power.  Bone  black,  charcoal  made  from 
bones,  is  extensively  used  to  take  out  objectionable  impurities 


Disperse  Systems 


475 


1  sugar  solution  in  Uie  process  of  refining  sugar.  Fusel  oil, 
loisonous  by-product  present  in  crude  whiskey,  is  also  removed 
1  the  latter  by  filtration  through  charcoal. 
Besides  charcoal  there  are  other  good  adsorbents.  Pullers 
earth,  a  very  fine  clay  (mainly  aluminum  silicate)  which  varies 
in  composition,  is  an  important  industrial  adsorbent  for  the 
purification  of  edible  oils.  The  particles  of  this  earth  are  usually 
between  0.007  '^^  ^  millimeter  and  0,0002  of  a  millimeter  in 
diameter.  Another  important  adsorbent  is  infusorial  earth  or 
kieselguhr,  a  deposit  of  the  skeletons  of  diatoms,  which  are  tiny 
aquatic  organisms.  Beds  of  this  substance  of  as  much  as  a 
Lousand  feet  in  thickness  are  found  in  the  United  States.  Other 
orbents  are  finely  divided  metals,  plant  and  animal  fibers 
1  as  cotton,  silk,  wool,  etc.  As  has  been  pointed  out  in  the 
:  of  metals  (731),  absorption  may  of  course  follow  adsorp- 
n  in  the  action  of  these  substances.  The  fundamental  require- 
mt  for  a  good  adsorbent  seems  to  be  an  enormous  surface  of 
"contact  with  the  solution. 

733.  Suspensions   Produced  by  Grinding  of  Solids  under 
Liquids. — If  clay  is  stirred  up  in  water  a  turbid  mixture  results. 

tst  the  coarser  particles  settle  to  the  bottom,  and  then  gradually 
ier  and  finer  particles  follow  as  time  goes  on.  Pulverized 
lery  (174),  used  for  grinding,  is  graded  according  to  the  num- 
r  of  minutes  required  for  it  to  settle  after  being  stirred  in 
sr.  That  which  will  settle  in  one-half  minute  is  a  coarse 
ide.  Ten-minute  emery  is  for  very  delicate  work.  Careful 
grinding  of  any  substance  will  produce  powders  which  are  still 
slower  in  settling  than  any  of  these,  but  we  have  other  ways  of 
producing  them. 

734.  Arsenious  Sulfide  Suspension. — Arsenious  sulfide,  As,Sj, 
is  very  insoluble  in  water.  If  this  solid  is  shaken  up  in  pure 
Water  only  a  minute  trace  will  be  found  in  a  Uter  of  the  latter 
after  filtration.     When  arsenious  acid,  Hj.\sO„  mixed  with  a 

tie  hydrochloric  acid,  is  treated  with  hydrogen  sulfide,  a  pre- 
ate  of  arsenious  sulfide  appears.  But  if  the  hydrochloric  acid 
siitted,  only  a  yellow,  opalescent  liquid  results.  When  the 
ber  is  poured  through  filter  paper,  merely  a  trace  of  precipitate 
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is  held  back  and  the  liquid  passes  through  unchanged.  That 
the  latter  is  not  a  supersaturated  solution  may  be  easily  estab- 
lished by  adding  to  it  a  little  of  the  solid  arsenious  sulfide.  No 
settling  out  of  the  arsenious  sulfide  follows,  as  would  be  the 
case  if  the  solution  were  supersaturated  (123). 

In  whatever  form  the  arsenious  sulfide  exists  in  the  yellow 
liquid,  its  presence  in  water  seems  to  have  only  a  slight  effect 
upon  the  boiling-point  and  freezing-point  of  the  latter.  The 
osmotic  pressure  (711)  of  such  a  solution  is  very  small.  If  we 
calculate  from  the  latter  the  amount  of  arsenious  sulfide  neces- 
sary to  give  one  gram  molecular  weight,  we  obtain  enormous 
ntmibers;  for  instance,  in  one  case  six  thousand  grams  was  the 
result,  a  number  which  is  more  than  twenty-four  times  that 
indicated  by  the  formula  AsaSj. 

The  examination  of  the  liquid  under  the  ordinary  microscope 
shows  nothing.  But  if  it  is  examined  even  with  a  crude  form 
of  the  ultra-microscope  described  in  706,  it  is  found  to  be  full  of 
dancing  particles  which  must  be  arsenious  sulfide.  All  the 
evidence  shows  that  the  arsenious  sulfide  exists  in  the  form  of 
particles  which  are  very  large  compared  to  the  simple  arsenious 
sulfide  molecules,  but  small  compared  to  particles  which  settle 
from  solution. 

735.  Colloids. — Such  a  non-settling  suspension  is  referred  to 
as  a  colloidal  solution,  or  as  a  colloidal  suspension.  Usually 
matter  is  said  to  be  in  a  colloidal  state  if  it  is  too  finely  divided 
to  be  held  back  by  a  good  filter  paper  and  still  coarse  enough 
to  be  seen  in  the  ultra-microscope.  This  means  that  the  average 
diameter  of  the  particles  is  between  o. 000,1  and  o .000,001  mm. 
The  setting  aside  of  these  systems  as  a  special  class  is  obviously 
entirely  a  matter  of  convenience.  Colloidal  suspensions  of 
substances  which  are  solids  when  in  massive  form  are  often  called 
suspensoidSi  while  colloidal  suspensions  of  liquids  are  called 
emulsoids.  The  name  colloid,  which  means  glue-like,  was 
originated  by  Thomas  Graham,  the  first  important  investigator 
of  this  subject.  He  worked  mainly  with  gum  arabic,  starch, 
glue,  and  glue-like  substances  which  belong  to  a  more  complex 
type  than  we  have  yet  studied. 
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736.  Properties  of  Colloidal  Arsenious  Sulfide,  Diffusion.— 

Sie  most  striking  thing  about  the  colloidal  arsenious  sul^de 
pspcnsion  is  its  stabiUty.  If  it  is  kept  in  good-grade  glass 
bttles.  montiis  may  pass  without  its  settling. 

If  two  test  tubes  are  half  filled  with  5  per  cent  hot  gelatin 
plution  which  is  allowed  to  cool  and  set  to  a  gel,  and  to  one  tube 
b.ad<ted  a  layer  of  copper  sulfate  solution,  while  to  the  other  the 
gpllow  arsenious  sulfide  suspension  is  added,  after  about  twenty- 
Mr  hours  the  blue  solution  will  have  penetrated  well  into  the 
J  layer,  but  the  yellow  solution  will  not  have  entered  the  layer 
plow  it.     The  effect  can  best  be  seen  by  corking  the  tubes  and 
iverting  them ,     The  gel  in  the  copper  sulfate  tube  will  be 
found  to  be  partly  colored,  while  the  other  gelatin  layer  will 
ite  found  to  be  unchanged.     Apparently  the  rate  of  diffusion 
^jif  Uie  arsenious  sulfide  particles  is  very  slow, .  This  is  explained 
^By  the  work  of  Perrin  (707).     Each  arsenious  sulfide  particle 
^|p  very  much  larger  than  a  copper  sulfate  molecule  or  a  copper 
^^on,  and  since  it  is  at  the  same  temperature  its  velocity  must  be 
much  smaller. 

737.  Effect  of  aa  Electrical  Curreat  on  Colloidal  Arsenious 
Sulfide. — Colloidal  arsenious  sulfide  solution  is  a  very  poor 
conductor  of  electricity,  but  if  we  fill  a  U-tube 

with  this  material  and  pass  a  i  lo-volt  current 
through  it,  in  from  ten  to  twenty  minutes  a 
colorless  layer  will  be  plainly  visible  at  the 
negative  electrode,  and  the  region  near  the 
positive  electrode  will  be  deepened  in  color. 

The  effect  is  better  shown  by  using  the 
device  described  by  Professor  A.  A.  Noyes 
and  shown  in  Fig.  105.  The  ends  of  the 
inner  tube  are  covered  with  thin  parchment 
paper,  or  belter  with  goldbeater's  skin.  Over 
the  ends  are  fitted  extension  tubes,  which  are 
joined  to  the  U-tube  bv  rubber.  The  device  is 
inverted  for  filling  through  the  hole,  which  is  finally  closed  by 
sliding  a  rubber  tube,  E,  over  it.  The  spaces  around  the 
dectrodes  are  filled  with  ordinary  distilled  water.    The  shaded 
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area  of  the  figure  shows  the  region  of  yellow  color  after  the 
current  has  been  passing  for  some  time. 

Since  the  suspension  drifts  away  from  the  negative  and 
toward  the  positive  electrode,  its  particles  are  negatively 
charged.  We  have  already  noticed  that  when  unlike  substances 
are  in  contact,  a  loss  of  electrons  by  one  and  a  gain  of  electrons 
by  the  other  are  very  likely  to  occur  (474).  It  would  not  be 
surprising  if  this  were  the  cause  of  the  existence  of  this  difference 
of  potential  between  the  solid  and  the  liquid.  But  we  shall 
soon  see  that  other  factors  may  also  account  for  this  phenomenon. 

738.  Effect  of  Electrolytes  upon  Colloidal  Arsenious  Sul- 
fide.— We  have  already  seen  that  in  the  presence  of  hydrochloric 
acid  the  colloid  does  not  form,  and  we  find  that  if  a  little  hydro- 
chloric acid  is  added  to  the  suspension  the  liquid  becomes  very 
much  more  turbid,  and  with  further  addition  of  the  acid  a  pre- 
cipitate soon  appears  and  settles  to  the  bottom  of  the  container. 
The  curious  thing  is  that  any  other  good  electrolyte  will  accom- 
plish the  same  thing. 

The  positive  ion  seems  to  be  the  active  part  of  the  electrolyte; 
for  about  the  same  concentrations  of  salts  which  have  univalent 
positive  ions  are  necessary  to  cause  complete  coagulation  of  the 
precipitate  from  a  given  volume  of  solution.  Smaller  concen- 
trations of  salts  which  have  bivalent  positive  ions  are  needed, 
and  very  much  smaller  concentrations  of  salts  which  have 
trivalent  positive  ions.  Relatively  little  difference-  is  made  by 
varying  the  negative  ion  of  the  salt. 

739.  Adsorption  of  the  Precipitating  Agent. — Careful  experi- 
ments have  shown  that  the  active  ion  is  carried  down  by  the 
precipitate,  leaving  in  solution  an  equivalent  amount  of  the 
corresponding  ion  of  water;  thus  arsenious  sulfide  coagulated 
with  calcium  chloride  contained  calcium,  and  the  liquid  left 
behind  contained  an  equivalent  concentration  of  hydrogen 
chloride. 

Apparently  the  positive  ion  neutralizes  the  charge  on  the 
suspension  and  is  carried  down  by  the  precipitate.  Since  the 
proportion  of  ion  carried  down  by  the  precipitate  bears  no  simple 
and  constant  relation  to  the  weight  of  the  precipitate,  as  would 
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*  the  case  if  a  chemical  compound  of  the  type  we  know  had 
been  formed,  it  is  apparent  that  the  product  is  of  a  different  " 
class.  For  the  sake  of  convenience  wc  may  call  the  former  an 
adsorption  compound.  If  the  adsorption  compound  is  washed 
with  pure  water,  the  calcium  is  not  removed,  but  it  can  be  taken 
away  by  washing  the  substance  with  some  other  electrolyte, 
ammonium  chloride,  for  example.  In  this  case  ammonium 
takes  the  place  of  calcium  with  the  arsenious  sulfide,  and  the 
calcium  is  fouad  as  calcium  chloride  in  solution. 

The  proportion  of  the  adsorbed  ion  to  the  precipitate  is 
usually  very  small,  though  of  course  different  with  different  prep- 
arations according  to  the  valence  of  the  ion,  the  charge  on  the 
suspensions,  and  other  conditions.  For  example,  in  the  case  of 
certain  colloidal  arsenious  sulfide  suspensions  coagulated  with 
calcium  chloride  the  proportion  was  found  to  be  one  equivalent 
of  calcium  to  fifty  equivalents  of  the  sulfide.  If  very  pure  sub- 
stances are  desired,  as  is  the  case  in  exact  analysis,  even  this 
small  proportion  may  be  of  moment,  especially  if  the  adsorbed 
ion  has  a  high  molecular  weight. 

Experience  shows  that  the  adsorption  of  ions  from  solution 

Ka  precipitate  in  the  processes  of  its  formation  is  the  rule  and 
rays  must  be  taken  into  consideration  in  the  preparation  of 
re  subalances, 

740.  Influence  of  the  Charge  on  the  Stability  of  a  Suspen- 
soid.— If  in  the  experiment  on  the  migration  of  the  suspensoid 
(737)  the  particles  of  the  latter  had  been  allowed  to  reach  the 
positive  electrode,  they  would  have  been  precipitated.  Appar- 
ently the  existence  of  the  charge  on  the  suspension  is  necessary 
for  its  stability.  We  can  understand  that  the  presence  of  like 
charges  on  the  arsenious  sulfide  would  have  a  tendency  to  keep 
them  from  coming  together,  but  undoubtedly  the  effect  of  the 
charge  is  more  complex  than  this, 

741.  Preparation  of  Colloidal  Ferric  Hydroxide. — Another 
jnethod  of  preparing  colloidal  solutions  is  illustrated  in  the  foUow- 
ing  preparation  of  colloidal  ferric  hydroxide.  Ferric  chloride 
solution,  which  is  of  course  acid  in  reaction  (436),  is  treated  with 

^jmmoaium  carbonate  as  long  as  the  precipitate  which  first 
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forms  redissolves.    The  dark-red  solution  thus  made  contains 

mainly  ferric  chloride,  colloidal  ferric  hydroxide,  and  ammonium 

chloride.    The  ferric  hydroxide  and  ammonium  chloride  are 

produced    as   the   ammonium   carbonate 

reacts  with  the  hydrochloric  acid  formed 

by  the  hydrolysis  of  ferric  chloride: 

FeCl,+3H,O^Fe(OH),+3HCl. 

This  mixture  is  next  placed  in  a  parchment- 
paper  bag  (Fig.  io6),  and  the  whole  is  sus- 

pended  in  a  water  bath  through  which  a 

current  of  fresh  water  is  constantly  flow- 
ing. If  this  arrangement  is  left  for  about 
four  days  the  contents  of  the  bag  will  be  found  to  give  only 
a  very  small  test  for  chloride,  showing  that  virtually  all  of  the 
ferric  chloride  has  been  transformed  into  ferric  hydroxide. 
The  preparation  is  in  fact  colloidal  ferric  hydroxide, 

743.  Properties  of  Colloidal  Ferric  Hydroxide. — When  the 
liquid  is  poured  through  filter  paper  no  precipitate  is  left  on  the 
latter.  The  freezing-point,  boiling-point,  and  osmotic-pressure 
determinations  all  show  that  the  substance  is  present  in  the 
form  of  particles  which  are  large  in  comparison  with  simple 
molecules.  The  dark-red  liquid  is  stable  if  carefully  kept.  If 
it  is  placed  in  the  apparatus,  as  shown  in  Fig.  104,  and  an  electric 
current  is  applied,  the  red  substance  is  found  to  migrate  toward 
the  negative  electrode,  proving  that  this  suspension  is  positive 
to  its  solution. 

Electrolytes  precipitate  the  red  hydroxide,  leavii^  the  liquid 
colorless.  This  time -it  is  the  negative  ion  of  the  electrolyte 
which  is  acUve  and  goes  to  form  the  adsorption  compound. 
Again  the  valence  of  the  precipitating  ion  is  found  to  be  an 
important  factor.  In  a  given  instance  about  one-fortieth  as  - 
great  a  concentration  of  sulfate  as  chloride  ion  was  needed  to-— 
coagulate  a  given  amount  of  ferric  hydroxide. 

When  the  latter  suspension  is  added  a  little  at  a  time  to^ 
arsenious  sulfide  suspensions,  the  mixture  becomes  turbid,  an(^l 
finally  a  precipitate  of  the  two  substances  settles  out.    This  i^ 
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ihe  result  of  mutual  adsuqiUon  iuiil  precipitation.  Curiously 
enough  the  addition  of  a  large  excess  of  either  colloid  does  not 
give  a  precipitate,  but  gives  a  complex  colloid. 

743.  Explanation    of   the   Preparation    of   Colloidal    Ferric 
'droxide. — If  a  layer  of  the  colloidal  ferric  hydroxide  is  put 

(Ver  a  layer  of  gel.  as  was  described  in  the  case  of  arsenioUs 

Ifide  (736),  the  ferric  hydroxide  will  be  found  to  diffuse  very 

ly  indeed.     This  fact  was  made  use  of  in  the  original  prepara- 

m  of  the  colloidal.    The  ferric  hydroxide  made  by  the  action 

ammonium  carbonate  did  not  diffuse  through  the  parchment 

iper  with  appreciable  speed,  and  at  the  same  time  it  adsorbed 

the  ferric  chloride  so  that  the  latter  remained  in  the  bag.     The 

hydrochloric  acid  and  the  ammonium  chloride,  however,  passed 

readily  through  the  paper  and  were  washed  away  on  the  other 

side.     The  continuous  loss  of  hydrochloric  acid  allowed  the 

hydrolysis  of  the  ferric  chloride   to  go  to  completion.     The 

separation  of  colloids  from  dissolved  substances  by  a  process 

of  diffusion   through  a  membrane  is  caUed  dialysis  and  the 

laratus  is  called  a  dialyzer. 

744.  Colloidal  Silver. — If  an  electric  arc  is  passed  between 
two  silver  wires  submerged  in  water,  a  dark  cloud  will  form 
around  the  electrodes.  This  is.  in  fact,  a  colloidal  suspension 
of  silver.  A  little  alkali  added  to  the  liquid  will  increase  the 
stability  of  the  suspension.  The  dark  liquid  has  the  same  general 
properties  as  those  of  the  other  suspensions  we  have  described. 
It  is  electro- negative  to  water.     This  method  of  producing  a 

illoidal  suspension  of  a  metal  by  volatihzing  the  latter  in  the 
trie  arc  is  named  Bredig's  method  after  its  discoverer,  the 
German  chemist  Bredig. 

745.  Protecting  Agents. — The  silver  suspension  can  be  made 
of  considerable  concentration  if  about  i  per  cent  of  gelatin  is 

Ided  to  the  solution.  The  effect  of  the  gelatin  may  be  shown 
mixing  silver  nitrate  (N/10)  and  hydrochloric  acid  (N/io) 

(lutions,  to  each  of  which  about  i  per  cent  of  gelatin  has  been 
freshly  added.  Instead  of  the  copious  white  precipitate  which 
wc  have  so  often  seen  result  from  mixing  these  reagents,  only  a 
flight  white  turbity  appears.     The  gelatin  has  prevented  I 
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particles  from  forming.  Many  other  agents  besides  gelatin 
stabilize  suspensions.  Their  function  is  not  understood,  but  it  is 
thought  that  they  surround  the  particles,  thus  preventing  further 
union  between  them.    Hence  they  are  called  protecting  agents. 

746.  Red  Gold  Suspensions. — ^A  very  useful  reagent  in 
making  suspensions  of  metals  is  tannin,  a  complex  organic  sub- 
stance which  is  both  a  good  reducing  agent  and  a  protecting 
agent.  A  very  finely  divided  gold  suspension  may  be  made 
with  a  neutralized  (about  i  per  cent)  gold  chloride  solution  and 
dilute  (o .  I  per  cent)  solution  of  tannin,  according  to  a  method 
described  by  Dr.  Wolfgang  Ostwald.  First  a  few  drops  of  the 
gold  solution  are  mixed  with  100  c.c.  of  water,  then  a  few  drops 
of  the  tannin  solution  are  added,  and  the  mixture  is  heated  for 
a  few  minutes,  with  constant  shaking.  Meantime  the  red  color 
of  the  gold  suspensoid  appears.  More  gold  chloride  and  tannin 
may  be  added  alternately  a  little  at  a  time. 

The  particles  of  the  red  gold  suspension  are  very  tiny,  usually 
about  one  or  two  one-hundred-thousandths  of  a  millimeter  in 
diameter.  These  were  the  particles  described  by  Zsigmondy 
(706).  They  are  negative  to  the  water  in  which  they  are 
suspended  and  are  precipitated  by  positively  charged  ions. 
Coarser  suspensions  of  gold  may  be  violet  or  blue  in  color. 
Brown  gold  suspensions  settle  in  a  very  short  time. 

747.  Summary  of  Work  with  Suspensoids. — ^The  general 
methods  of  preparing  suspensoids  are  illustrated  in  the  foregoing. 
Either  the  material  is  subdivided  by  grinding  or  volatilization 
in  the  electric  arc,  or  it  is  formed  in  solution  and  the  particles 
are  not  permitted  to  grow  to  a  size  large  enough  to  settle 'from 
the  liquid.    The  absence  of  electrolytes  and  the  presence  of  pro- 
tecting  agents   assist    in    making    concentrated    suspensions. 
Colloidal  suspensions  of  an  enormous  number  of  different  sub- 
stances have  been  prepared.    Apparently  any  substance  can^ 
exist  in  the  colloidal  state  in  liquids  in  which  it  is  not  soluble^ 
Thus  colloidal  sodium  suspension  has  been  prepared  in  ether, 
phosphorus  in  water,  sodium  chloride  in  benzene,  etc. 

Apparently  many  inorganic  substances  stabilize  colloidaJ 
suspensions  to  a  moderate  degree,  for  we  often  see  opalescent 
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Uquicis  form  when  precipitation  in  dilute  solutions  is  in  progress. 
As  the  last  of  the  precipitating  agent  is  added,  the  solution  be- 
comes clear  and  the  precipitate  settles.  Thus  if  5  c.c.  of  N/20 
silver  nitrate  is  added  to  20  c.c.  of  N/io  potassium  chloride  solu- 
tion, a  part  of  the  silver  chloride  appears  as  a  non-settling 
suspension.  If  more  and  more  silver  nitrate  is  added,  with 
constant  shaking  of  the  mixture,  the  liquid  finally  becomes 
transparent  and  the  precipitate  settles  Just  as  the  amount  of 
silver  nitrate  added  becomes  nearly  equivalent  to  the  potassium 
chloride.  The  excess  potassium  chloride  present  at  first  stabi- 
lizes the  silver  chloride  suspension. 

The  origin  of  the  charges  on  these  suspensions  is  not  under- 
stood. As  has  been  said,  it  would  not  be  surprising  to  find  a 
Actional  charge  on  them,  but  we  must  also  consider  that  an 
unequal  adsorption  of  positive  and  negative  ions  from  solution 
might  also  account  for  the  existence  of  these  charges.  In  addi- 
tion, the  loss  of  ions  from  the  suspended  particles  to  the  solution 
might  occur.  The  fact  that  all  suspensions  of  bases  are  positive 
to  the  liquid  in  which  they  exist  would  seem  to  favor  the  idea 
of  the  ionization  of  the  solid  particles  in  these  cases.  Thus  the 
hydroxide  particle  might  lose  one  or  more  hydroxyl  ions  to  the 
solution,  leaving  a  residue  which  would  be  a  very  large  positive 
ion-  But  in  explaining  the  presence  of  these  charges  we  must 
also  consider  that  most  other  suspensions  in  water  are  negative. 
Thus,  finally,  suspended  clay,  lamp  black,  metals,  sulfur,  salts, 
;.,  are  negative  to  their  solutions  as  a  rule,  though  not  always. 
probably  all  three  possible  causes  cited  for  the  existence 
the  charges  come  into  play  at  different  limes. 

748.  Tyndall  Effect. — When  a  pencil  of  hght  from  a  lantern 
is  brought  to  bear  on  water,  we  see  only  a  faint  glow  over  its 
path  through  the  latter;  but  as  soon  as  a  colloidal  suspension 
is  added,  the  path  of  the  hght  ray  appears  as  a  cone  of  bright 
cloud.    This  effect  is  called  the  Tyndall  effect  in  honor  of 

Tyndall,  who  was  the  first  to  make  extensive  use  of  this 
lomenon.  The  Tyndall  effect  is,  of  course,  best  observed 
darkened  room.    It  depends  on  the  difference  in  refracUng 

'ex  (or  light  of  the  particles  of  the  suspension  and  of  the  pure 
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liquid.  In  some  cases  this  difference  is  not  great,  so  that  no 
cone  appears.  Hence  the  absence  of  the  Tyndall  cone  does  not 
always  mean  that  the  liquid  in  question  contains  no  coUdidal 
matter.  The  ultra-microscope  is  of  course  simply  a  refined 
apparatus  for  examining  the  Tyndall  effect  in  detail.  It  is 
interesting  to  note  that  concentrated  solutions  of  sugar,  sodium 
acetate,  and  many  other  salts  show  the  Tyndall  effect. 

749*  Test  for  the  Charge  on  a  Suspension. — ^A  crude  distinc- 
tion may  be  made  between  positive  and  negative  colloids  as 
follows:  Strips  of  filter  paper  are  suspended  so  that  one  end  of 
each  strip  is  wet  by  a  colloid.  If  a  strip  dips  into  an  arsenious 
sulfide  or  gold  solution,  the  liquid  which  rises  in  the  paper  will 
show  the  color  of  the  colloid.  The  colloid  is  spreading  through 
the  paper,  though  usually  not  so  rapidly  as  the  water.  But  if 
the  strip  dips  into  a  ferric  hydroxide  solution,  the  ferric  hydroxide 
will  be  found  to  diffuse  but  a  little  way  into  the  paper,  although 
water  from  the  suspension  rises  through  the  latter  as  easily  as 
in  the  other  cases.  The  test  is  reliable  only  under  average  con- 
ditions, which  are  those  of  dilute  negative  suspensions  and 
relatively  more  concentrated  positive  suspensions.  If  turbid 
suspensions  are  to  be  tested,  they  should  be  filtered  before  the 
trial  is  made,  otherwise  coarse  particles  will  impede  the  rise  of 
the  colloid  through  the  paper. 

750.  Important  Suspensoids. — Suspensoids  have  become  of 
considerable  practical  importance.  Colloidal  silver  is  an 
important  antiseptic.  It  is  prepared  with  a  protecting  agent 
so  that  it  may  be  sold  as  a  dry  powder  (argyrol),  which  forms  a 
dark-brown  colloid  upon  the  addition  of  water.  Colloidal  copper, 
mercury,  and  sulfur  have  also  come  into  use  in  medicine.  India 
ink  is  mainly  colloidal  carbon.  The  important  lubricants  aqoadag 
and  oildag  are  colloidal  graphite  in  water  and  oil,  respectivdY, 
each  protected  by  tannin.  The  lubricating  power  of  graphite  is 
much  improved  when  it  is  in  the  colloidal  state. 

We  shall  next  take  up  emulsoids.  These,  as  we  shall  see,  are 
of  tremendous  importance  in  biochemktr>\ 

751.  Oil  and  Water. — If  oil,  benzene  for  example,  is  shaken 
up  in  water,  for  a  few  seconds  there  is  a  general  mixture  ol  oil 
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water.     Then  two  cloudy  layers  separate.     The  lower  is  an 

emulsion  of  benzene  in  water,  and  the  upper  an  emulsion  of 

water  in  benzene.     Very  soon,  however,  the  two  layers  become 

isparent.     Momentarily  the  oil  and  water  are  in  the  colloidal 

,te,  but  this  is  not  permanent.     If  a  drop  of  water  touches 

lother  drop  of  water,  the  two  promptly  coalesce  (726).     The 

has  very  little  attraction  for  the  water,  and  its  drops  continue 

ting  just  as  the  water  drops  do  until  two  layers  are  made  from 

the  small  drops.    If,  however,  soap  (678)  is  added  and  the  oil 

and  water  layers  are  shaken  together,  a  stable  suspension  of  oil 

in  water  will  form.     The  suspension  may  be  termed  an  emulsoid 

if  the  droplets  are  small  enough  (735)- 

752.  Cleansing  Action  of  Soap. — Apparently  the  emulsifying 
power  of  soap  is  an  important  factor  in  its  cleansing  or  detergent 

:tion.  Thus  a  little  fine  dirt  shaken  with  water  settles  out, 
it  shaken  with  soap  and  water  it  remains  in  suspension.  Dirt 
lally  sticks  to  the  soap  solution  more  than  it  does  to  the 
fabric  being  washed,  and  hence  rinsing  carries  off  the  dirt. 
Undoubtedly  some  hydrolysis  of  soap  in  water  does  occur,  since 
soaps  are  ail  salts  of  the  very  weak  fatty  acids  (678),  but  the 
alkali  formed  is  not  an  important  factor  in  the  detergent  action 
of  soap,  since  alkali  alone  has  no  such  power  to  emulsify  mineral 
oils.  etc.  Vegetable  oils  can  be  emulsified  to  some  extent  with 
dilute  alkalis.  But  it  must  be  remembered  that  these  are 
esters  (677)  and  that  some  soap  is  formed  by  the  interaction  of 
esters  with  the  alkali.  If  alkali,  washing  soda,  or  ammonia  is 
added  to  soap  solution,  its  detergent  power  is  increased.  Of 
course  the  hydrolysis  of  soap  is  decreased  at  the  same  time. 

753.  Nature  of  Soap  Solution. — Ultra-microscopic  examina- 
tion of  soap  solution  is  unsattsfactor>',  presumably  because  there 
is  very  little  difference  in  the  power  of  soap  and  water  to  refract 
light.  The  fact  that  soap  has  little  effect  on  the  boiling-point 
of  water  seems  to  indicate  a  very  high  molecular  weight.  All 
evidence  points  to  the  conclusion  that  the  soap  molecules  in 
solution  are  groups  of  large  numbers  of  simple  molecules. 

754.  Work  of  Harktns  and  of  Langmuir.^It  has  long  been 
iwn  that  a  soap  solution  is  more  concentrated  in  the  surface 
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layer  than  in  the  inner  region.  Professor  W.  D.  Harkins  and 
co-workers  have  found  that  this  is  true  of  solutions  of  sodium 
oleate  (678,  681)  as  dilute  as  0.002  normal.  The  surface  layer 
of  a  0.002  normal  solution  is  saturated.  Stronger  solutions 
up  to  o.i  normal  have  the  same  concentration  in  the  surface 
layer  as  have  these  very  dilute  solutions.  In  each  case  there  is 
equilibrium  between  molecules  of  soap  in  the  surface  layer  and 
in  the  body  of  the  solution.  Evidently  the  surface  layer  allows 
the  escape  of  relatively  few  molecules  to  the  solution,  or  the 
inequality  of  concentration  could  not  be  kept  up.  Further, 
Professor  Harkins  and  Dr.  Langmuir,  of  the  General  Electric 
Company,  working  independently  and  by  different  methods, 
have  shown  that  the  soap  molecules  of  the  surface  layer  are  not 
simply  jumbled  together  but  are  arranged  in  a  definite  order, 
The  long  sodium  oleate  molecules 
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are  all  placed  with  the  (Na  •  O  •  C  •  )  group  toward  the  body  of  the 
solution  and  the  long  hydrocarbon  chain  (664)  outward. 

It  is  an  old  and  well-known  rule  that  "like  dissolves  like." 
Thus  oils  are  good  solvents  for  fats  and  greases  but  poor  solvents 
for  sugar,  while  water  is  a  good  solvent  for  the  latter  but  a  poor 
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solvent  for  the  former.  Apparently  water  attracts  the  Na  •  O  •  C 
group  of  the  soap  molecule  strongly  but  has  no  attraction  for  the 
long  hydrocarbon  chain.  As  a  result  of  this  attraction  on  one 
end  of  the  long  molecule,  this  end  is  pulled  in  toward  the  liquid, 
and  the  hydrocarbon  chain  is  left  on  the  surface.  The  surface 
of  the  soap  solution  is  therefore  that  of  an  oil,  and  it  is  on  this 
account  that  soap  solutions  can  wet  oils  while  water  cannot. 

755.  Other  Emulsifying  Agents. — Other  emulsifying  agents 
are  in  common  use,  but  their  function  is  not  so  well  understood. 
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tus  in  mayonnaise  dressing  the  yolk  of  an  egg  is  used  to  keep 
the  oil  and  vinegar  together.  Many  substances  are  capable  of 
forming  emulsoids  without  the  assistance  of  special  agents. 
Examples  of  these  are  gelatin,  gum  arable,  egg  white,  etc.  These 
are  all  substances  which  are  themselves  wet  by  water. 

756.  General  Properties  of  Emulsoids. — Emulsoids  are 
sharply  differentiated  from  suspensoids  by  their  relatively  high 
\'Tscosity.  The  tiny  particles  of  both  show  BrownJan  move- 
ments (705).  Unlike  suspensoids,  many  emulsoids  seem  to  be 
without  electrical  charges.  Salts  in  small  amounts  have  little 
effect  on  these  systems.     In  large  amounts  they  may  cause 

,  precipitation.    Thus  soaps  are  precipitated  ("salted  out")  from 
Oohition  upon  the  addition  of  considerable  quantities  of  sodium 
Hdiloride.    Although  we  have  discussed  emulsions  in  water  only, 
it  is  ob\'ious  that  they  may  exist  in  other  media. 

757.  Important  Emulsoids. — Virtually  all  fluids  of  plant  and 
animal  bodies  are  emulsoids.  Thus  the  sap  of  plants  and  the 
blood  and  tnilk  of  animals  are  comple.x  emulsoids. 

758.  Gels. — If  the  solvent  is  evaporated  from  a  suspensoid, 
the  latter  is  left  as  a  powder.  But  if  tlie  solvent  is  evaporated 
from  an  emulsoid,  or  if  a  concentrated  emulsoid  is  cooled,  a  gel 
usually  forms,  though  not  always.  Soap  melted  in  hot  water 
sets  as  a  gel  on  cooling.  Solutions  of  gelatin  of  greater  concen- 
tration than  0.25  per  cent  will  set  at  temperatures  above  0°, 
These  gels  are  stiffer  the  higher  the  concentration  of  the  original 
emulsion. 

Unfortunately  they  refract  light  Httle  differently  from  water, 
so  that  an  examination  of  their  structure  under  the  ultra-micro- 
scope is  not  satisfactory.  Gels  have  been  precipitated  by  the 
addition  of  alcohol,  etc.,  and  then  examined.  Their  structure 
then  seems  to  be  that  of  a  delicate  latticework  or  honeycomb, 
but  it  is  more  likely  that  this  form  is  acquired  in  the  process  of 
prcdpilation. 

We  have  already  seen  that  substances  in  solution  diffuse 
through  gels  very  readily.  In  most  cases  they  do  so  as  easily 
as  through  water,  but  colloidal  substances,  either  emulsoid  or 
d,  diffuse  through  gels  only  very  slowly.    Some  gels 
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are  elastic  and  others  are  not.  If  the  former  are  stretched  they 
become  warm,  and  cool  again  on  contraction.  Another  very 
striking  property  of  gels  is  their  ability  to  absorb  (731)  water. 
If  a  warm,  concentrated  gelatin  solution  is  poured  out  on  a  glass 
plate  and  allowed  to  set,  it  may  be  cut  into  pieces  of  equal  volume. 
The  latter  should  then  be  dried.  If  a  piece  is  allowed  to  soak 
in  water,  it  will  be  found  to  swell.  If  at  the  same  time  other 
pieces  of  the  same  weight  are  allowed  to  soak  about  twenty-four 
hours  in  dilute  acid  or  dilute  alkali  of  equivalent  concentration, 
the  rate  of  swelling  of  the  gel  will  be  found  to  be  most  in  the  acid 
solution,  next  in  the  alkali,  and  least  in  the  pure  water.  Salts 
added  to  pure  water  may  increase  or  decrease  the  rate  of  swelling. 
Still  another  important  property  of  gels  is  their  separation  into 
two  layers,  one  liquid  and  the  other  gel.  If  evaporation  is 
prevented,  all  gels  act  in  this  way  in  the  course  of  time. 

759.  Plant  and  Animal  Tissue. — ^Virtually  all  of  the  firmer 
parts  of  animals  and  plants  are  gels  of  great  complexity,  but  the 
properties  given  above  for  gelatin  belong  to  most  of  these  sub- 
stances. For  example,  the  experiment  with  the  gelatin  squares 
may  be  repeated  with  animal  tissue  (frogs'  legs,  for  example) 
with  the  same  type  of  result.  The  development  of  a  watery 
fluid  by  a  gel  is  repeated  in  the  formation  of  many  animal  and 
plant  secretions. 

760.  Rubber. — If  rubber,  which  is  a  typical  colloid,  is  allowed 
to  soak  in  benzene  or  carbon  disulfide,  it  swells  enormously,  at 

the  same  time  taking  up  the  liquid. 
Upon  being  stretched  rubber  becomes 
warm,  and  cools  when  contracting,  just 
as  do  other  gels.    An  interesting  appli- 
cation of  the  general  law  governing  all 
changes,  applications  of  which  we  have 
observed  so  many  times  (367),  may  b^ 
shown  in  the  following  experiment:  A 
stout  rubber  band  is  attached  by  one== 
end  to  a  support  and  is  stretched  by 
weight,  as  in  Fig.  107.    If  a  lighted  match  is  held  near  thi 
rubber,  so  that  it  is  heated  quickly  but  not  melted,  the  weigh 
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^Wll  be  seen  to  rise.     The  application  of  heat  has  favored  the 
change  which  absorbs  heat,  namely,  contraction. 

761.  Inorganic  Gels. — Many  inorganic  substances  form 
ge!s  easily;  for  example,  silicic  acid,  ferric  hydroxide,  and 
aluminium  hydroxide.  These  are  all  extremely  insoluble  sub- 
stances. Von  Weimarn  has  shown  that  in  general,  if  a  very 
high  degree  of  supersaturation  is  attained  preliminary  to  pre- 
cipitation, the  precipitate  will  be  a  gel.  Thus  barium  sulfate 
is  usually  seen  to  precipitate  as  a  powder.  But  if  saturated 
solutions  of  the  very  soluble  salts  sodium  sulfate  and  barium 
sulfocyanate  are  mixed,  a  gel  of  barium  sulfate  forms.  Con- 
centrated solutions  of  sodium  carbonate  and  calcium  chloride 
give  a  gel  of  calcium  carbonate  instead  of  the  usual  powder. 

762.  Relative  Stability  of  Precipitates.— Apparently  the 
^rtvys^^'^ii^  fof'"  is  more  stable  than  either  the  gel  or  the  powder 
^kecipitate.  On  long  standing  in  contact  with  the  solution  most 
HBEHi-cr>-stalline  precipitates  become  crystalline.    The  rate  of 

diange  is  accelerated  by  a  rise  of  temperature  which  increases 
the  rate  of  molecular  agitation  and  usually  also  increases  the 
solubility  of  the  precipitate.  Even  such  substances  as  gelatin 
can  be  prepared  in  crystalline  form.  A  substance  can  separate 
from  solution  in  the  crystalline  form  only  if  there  is  time  and 
opportunity  for  the  orderly  arrangement  of  molecules  in  crystals. 
Hence  only  the  more  soluble  substances  usually  appear  in  this 
form. 

763.  Ezplanatioti  of  Adsorption  from  Solution. — The  fact 
that  soap  is  more  concentrated  in  the  surface  layer  than  in  the 
solution  is  a  phenomenon  of  a  type  which  is  very  common  among 

^Vbstances  of  complex  molecular  structure.  Most  emulsoids 
^Hd  suspensoids  show  this  to  a  marked  degree,  though  substances 
^H  solution  do  also  to  some  extent.  Under  ordinary  conditions 
^Hk  is  not  noticeable.  But  when  the  surface  of  the  solution  in 
^^bcstion  is  enormously  increased  by  being  mixed  with  a  porous 
^B  finely  divided  solid  like  charcoal  or  infusorial  earth,  the  net 
^^kult  is  that  a  great  amount  of  the  colloid  goes  to  the  surface 
^^prer  and  adheres  to  the  solid  with  the  latter,  while  the  rest  of 
^Be  liquid  is  drained  away.    The  very  large  extent  of  the  surface 
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means  a  very  great  loss  of  material  from  the  original  liquid. 
The  latter  may  be  virtually  freed  from  the  colloidal  matter  if 
passed  through  a  thick  layer  of  filter. 

764.  Importance  of  Colloid  Chemistry. — ^The  many  complex 
systems  discussed  in  this  chapter  have  one  thing  in  conmion— 
an  enormous  surface  of  contact  between  different  simpler 
systems.  The  porous  charcoal  and  gas,  arsenious  sulfide  and 
water,  oil,  soap  and  water,  etc.,  may  all  be  called  disperse 
systems.  They  are  also  called  colloids  and  their  study  colloid 
chemistry.  Even  this  brief  treatment  should  be  sufficient  to 
show  the  reader  the  enormous  importance  of  the  subject.  As  a 
matter  of  fact  the  majority  of  practical  applications  of  chem- 
istry involve  disperse  systems.  Students  will  find  the  five 
lectures  written  on  this  subject  for  the  general  pubic  by  Wolfgang 
Ostwald^  well  worth  reading. 

'Ostwald  and   Fisher,    Theoretical  and  Applied  Chemistry,    Published    by 
John  Wiley  &  Sons,  New  York. 


CHAPTER  XXIX 

THE  ATMOSPHERE  AND  RELATED  TOPICS 

765.  The  Composition  of  the  Air. — We  have  already  learned 
that  the  most  important  components  of  air  are  nitrogen,  oxygen, 
water  vapor,  and  carbon  dioxide.  In  addition  to  these  four, 
there  is  but  one  other  component  the  proportion  of  which  exceeds 
o.oi  per  cent.  This  is  the  element  argon  (513),  discovered  in 
the  air  in  1894.  The  percentage  by  volume  of  the  five  named 
components  is  given  in  Table  XXXVII. 

TABLE  XXXVII 

Percentage  Composition  of  the  Air 

BY  Volume 

Nitrogen 77- 10 

Oxygen 20.70 

Argon 0.80 

Carbon  dioxide o .  03 

Water  vapor  (about)  1.35 

Sum 99  98 

It  is  self-evident  that  the  air  must  also  contain  minute  amounts 
of  several  other  gases  and  vapors,  since  these  are  being  poured 
into  the  air  from  numerous  industrial  sources  and  are  also  being 
formed  by  natural  chemical  changes.  Among  the  minor  com- 
ponents of  the  air  there  may  be  mentioned  hydrogen,  methane, 
sulfur  dioxide,  hydrogen  sulfide,  ammonia,  and  nitrogen  tetroxide. 
These  chemically  active  gases  are  continuously  being  removed 
from  the  air  by  various  means,  so  that  they  never  accumulate 
in  appreciable  proportions.  Other  minor  gaseous  components 
of  the  air  will  be  considered  later  (791-799). 

766.  Why  the  Composition  of  the  Air  Remains  Constant. — 
It  is  plain  that  oxygen  ii  removed  from  the  air  on  every  hand 
by  the  burning  pf  substances  and  by  the  respiration  of  all  animals. 
If  oxygen  were  not  being  constantly  renewed  the  percentage  of 
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this  element  would  in  time  steadily  decrease.  But  as  we  have 
learned  (691),  all  growing  plants  take  in  carbon  dioxide  and 
water,  from  which  they  form,  in  addition  to  other  products, 
cellulose,  or  starch,  and  oxygen,  thus: 

6C0a+ sH.O  ->  C6H,o05+60a 

The  oxygen  supplied  to  the  air  in  this  way  serves  to  keep  the 
percentage  of  this  element  fairly  constant. 

Closely  connected  with  the  oxygen  balance  in  the  air  is  that 
of  carbon  dioxide.  The  removal  of  this  gas  by  growing  plants 
is  compensated  by  its  formation  in  the  oxidation  of  wood,  coal, 
fuel  gas,  and  other  carbon  compounds  (356-365).  One  other 
agency  has  been  of  much  importance  in  past  geological  ages  in 
diminishing  the  carbon  dioxide  content  of  the  air.  This  is  the 
formation  of  the  shells  of  aquatic  animals,  consisting  largely  of 
calcium  carbonate.  Immense  deposits  of  limestone  (150)  have 
been  built  up  from  the  shells  of  marine  animals. 

The  water-vapor  content  of  the  air  varies  greatly  from  place 
to  place  and  from  time  to  time  in  a  given  place.  Over  the  ocean 
the  lower  layers  of  the  air  are  nearly  saturated  with  water  vapor, 
so  that  the  vapor  pressure  tends  to  approach,  at  each  prevailing 
temperature,  the  value  shown  in  Table  VII  (112).  In  desert 
regions  the  relative  degree  of  saturation  (the  humidity)  is  very 
small. 

The  percentages  of  nitrogen,  oxygen,  and  argon  in  air  freed 
from  water  vapor  and  carbon  dioxide  are  practically  constant  at 
all  times  the  world  over.  The  carbon  dioxide  content  rarely  falls 
below  0.03  per  cent  but  may  reach  or  exceed  0.04  per  cent  in 
congested  parts  of  cities.  Indoors  it  may  at  times  run  much 
higher. 

767.  Dew  and  Frost. — After  sundown  the  temperature  of 
the  air  falls,  on  clear  nights  in  particular,  because  of  the  more 
rapid  radiation  of  heat  in  the  absence  of  clouds.  If  the  humidity 
has  been  rather  high  by  day  the  air  may  become  supersaturated 
with  water  vapor  at  night.  For  every  temperature  the  vapor 
of  liquid  water  exerts  a  definite  pressure,  its  saturation  vapor 
pressure  (112,  Table  VII).    If  air  containing  a  fixed  proportion 
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of  vapor  falls  in  temperature  below  the  point  at  which  it  becomes 
saturated,  the  excess  water  separates  out  on  all  exposed  objects 
as  dew.  The  dew  point  is  defined  as  the  temperature  to  which 
a  given  sample  of  moist  air  must  be  cooled  Just  to  reach  a  condi- 
tion of  saturation.     If  cooled  further  it  forms  dew. 

When  the  dew  point  lies  below  zero,  if  the  temperature  falls 
sufficiently  low,  the  water  vapor  deposits  in  the  form  of  frost 
(ice). 

768.  Dust  in  the  Air  and  Cloud  Formation. — The  presence 
of  dust  in  the  air  is,  in  general,  considered  nothing  less  than  a 
nuisance;  but,  as  we  shall  point  out  shortly,  it  has  a  very 
important  function  in  connection  with  the  formation  of  clouds 
and  consequently  of  rain.  For  this  reason  especially  we  shall 
consider  the  dust  content  of  the  air. 
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A  cloud,  or  a  log  which  is  a  cloud  at  the  earth's  surface,  is 

ide  up  of  countless  drops  of  water,  each  so  minute  that  it 

s  not  fall  with  appreciable  speed  (compare  Millikan's  experi- 

lii,  467).     A  cloud  may  form  when  a  mass  of  moist  air  is 

K>!ed  below  its  dew  point.     But  this  is  true  only  under  certain 

mditions,  as  may  be  demonstrated  by  a  lecture-table  experi- 

If  air  not  specially  freed  from  dust,  and  saturated  with 

rater  vapor,  is  suddenly  cooled  several  degrees,  a  cloud  or  fog 

forms  at  once;   but  (/  tlie  air  is  entirely  free  from  dust  no  cloud 

is  formed.    To  show  these  phenomena  experimentally  we  may 

,  large  bottle  (Fig.  108},  with  air  that  has  been  bubbled 
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slowly  through  water  in  order  to  insure  its  saturation  with 
vapor.  The  bottle  should  be  closed  with  a  stopper  through  which 
passes  a  glass  tube  attached  by  a  rubber  tube  to  a  second  bottle 
half  the  size  of  the  first.  The  second  bottle  should  have  a  two- 
hole  stopper  and  a  second  tube  leading  to  a  vacuum  pump.  The 
rubber  tube  connecting  the  two  bottles  is  now  closed  by  means 
of  a  clamp  and  the  smaller  bottle  evacuated.  If  now  the  damp 
is  released,  the  air  in  the  large  bottle  expands  rapidly,  partly 
passing  over  into  the  smaller  bottle,  and  at  the  same  time  a 
dense  cloud  develops  in  the  larger  bottle.  The  expanding  air 
does  work  in  the  process,  and  the  energy  to  do  the  work  is  taken 
from  the  air  as  heat;  in  consequence  the  temperature  falls  so 
much  that  the  air  becomes  supersaturated  at  the  lower  tempera- 
ture, and  the  excess  moisture  separates  as  a  cloud.  -If  we  repeat 
this  experiment  with  the  single  change  that  the  air  used  in  filling 
the  large  bottle  is  freed  from  dust  before  it  is  bubbled  through 
water,  by  causing  it  to  filter  through  a  cotton  plug  {A,  Fig.  io8), 
no  cloud  forms  upon  expansion.  If  now  a  small  amount  of  dust 
(for  example  a  little  cigarette  smoke)  is  admitted  to  the  partially 
evacuated  large  bottle  a  cloud  is  formed.  (The  smoke  must  be 
introduced  quickly,  before  the  temperature  has  time  to  rise.) 

769.  Counting  Dust  Particles. — Anyone  who  has  noticed  the 
particles  of  dust  floating  in  air,  which  may  be  seen  when  a 
bright  beam  of  light  enters  a  darkened  room,  would  be  inclined 
to  say  that  counting  the  stars  or  the  grains  of  sand  by  the  seaside 
would  be  a  simple  task  in  comparison  with  the  enumeration 
of  the  dust  particles  in  a  given  volume  of  air.  But  thanks  to 
the  facts  related  in  the  preceding  section  the  undertaking  proved- 
rather  easy.  Without  dust,  cloud  formation  does  not  tak^ 
place.  In  the  presence  of  dust  each  dust  particle  acts  as 
nucleus  for  the  formation  of  a  water  drop.  Therefore  there  ar^^ 
as  many  water  drops  in  the  cloud  as  there  were  dust  particle^ 
present!  A  practical  instrument  has  been  devised  by  Aitken^ 
to  count,  by  the  aid  of  a  microscope,  the  drops  formed  in  a  known^ 
volume  of  air  and  thus  to  ascertain  the  dust  content  of  the  air- 
The  number  of  dust  particles  per  ex.  of  air  varies  greatly  with'^ 
circumstances,  as  would  be  expected.    The  smallest  values,  ^ 
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p  hundred  particles  per  c.c,  are  found  in  air  above  raid-ocean. 
r  mountain  air  contains  a  few  thousand  particles  per  c.c, 
lile  the  air  of  large  cities  often  contains  over  100,000  per  c.c. 
'Tn  his  interesting  article  in  the  Encyclopaedia  Britannica  on 
"Dust,"  Aitken  writes: 

Without  atmospheric  dust  not  only  would  we  not  have  the  glorious 
cloud  scenery  we  at  present  enjoy,  but  we  should  have  no  haze  in  the 
atmosphere,  none  of  the  atmospheric  effects  thai  delight  ihc  artist.  The 
white  haze,  the  blue  haze,  the  lender  sunset  glowsof  red,  orange  and  yellow, 
would  all  be  absent,  and  the  moment  the  sun  dipped  below  the  horizon 
the  earth  would  be  in  darkness;  no  twilight,  no  after  glows;  none  of  the 
poetry  of  eventide.  Why  it  may  be  asked  is  this  so?  Simply  because  all 
these  are  due  to  maltcr  suspended  in  the  air,  to  dust. 

770.  The  Ionization  of  Gases.— The  topic  about  to  be  dis- 
cussed is  related  to  cloud  formation  in  an  important  way,  and 
for  this  reason  we  shall  have  to  digress  somewhat  before  going 
on  with  our  subject.  It  is  well  known  that  air  under  ordinary 
conditions  is  an  almost  perfect  electrical  insulator.  However, 
it  may  be  made  appreciably  conducting  in 
several  ways.  The  phenomena  may  be 
readily  shown  by  the  use  of  a  gold-  or 
aluminum-leaf  electroscope.  Fig.  109.  If 
the  electroscope  has  good  insulation  (sulfur 
or  amber,  A,  Fig.  109)  it  will  retain  its 
charge  for  a  long  time.  If  a  flame  of  any 
tind  is  brought  near  the  electrode,  B,  the  p^, 

gold  leaf,  C,  drops  almost  as  rapidly  as  if 
one  had  touched  B  with  the  finger.  The  gases  in  and  about 
a  Bamc  conduct  electricity  thousands  of  times  better  than 
Ordinary"  air.  Elaborate  investigations,  which  cannot  profitably 
be  discussed  here,  have  proved  that  part  of  the  gas  molecules 
of  a  flame  are  electrically  charged,  half  positively,  half  negatively. 
Consequently  the  gas  is  said  to  be  ionized;  and  just  as  in  the 
case  of  an  ionized  solution  the  gas  conducts  electricity. 

Every  gas  can  be  ionized  by  a  variety  o(  means,  among  which 
6  intense  heat,  X-rays  (476),  and  radium  rays  (480).  Even 
Is  most  energetic  means  do  not  convert  into  ions  more  than  a 
y  small  fraction  of  the  total  number  of  gas  molecules. 
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771.  Gaseous  Ions  and  Cloud  Formation. — Gaseous  ions 
behave  like  dust  particles  in  being  able  to  serve  as  nuclei  for 
water  drops  in  cloud  formation.  If  dust-free  air  saturated  with 
water  vapor,  is  ionized  by  X-rays,  by  radiiun,  or  in  any  other 
way  and  is  then  suddenly  cooled  (as  by  expansion  in  the  manner 
described  in  768)  a  cloud  will  form,  each  ion  acting  as  a  nucleus 
for  a  single  drop  of  water. 

772.  The  Formation  of  Rain. — There  are  always  present  in 
the  air  a  small  number  per  c.c.  of  gaseous  ions  formed  in  part  at 
least  by  radioactive  matter  in  the  air.  These  ions,  together 
with  a  much  larger  number  of  dust  particles,  serve  as  the  nuclei 
of  the  drops  forming  ordinary  clouds.  Cloud  formation  occurs 
when  a  current  of  warm,  moist  air  meets  a  current  of  cold  air. 
If  the  water  drops  are  large  enough  they  tend  to  -coalesce  and 
thus  grow  so  large  that  they  fall  to  earth  as  rain.  Rain  is  fre- 
quently accompanied  by  lightning,  the  cause  of  which  we  may 
now  consider. 

773.  The  Cause  of  Lightning. — If  air  is  only  slightly  super- 
saturated with  water  vapor  the  negative  ions  present  are  much 
more  effective  in  the  condensation  of  moisture  than  are  the 
positive  ions,  so  that  it  frequently  happens  that  only  the  nega- 
tive ions  are  at  first  removed  from  the  upper  layers  of  air  and 
carried  to  the  earth  with  the  falling  rain.  This  results  in  the 
accumulation  of  opposite  electrical  charges  in  the  air  and  on 
the  earth  beneath.  The  lightning  that  frequently  accompanies 
rain  is  the  electric  discharge  between  air  and  earth,  tending  to 
neutralize  the  unlike  charges. 

774.  The  Atmosphere,  a  Disperse'  System. — The  behavior 
of  tiny  water  and  dust  particles  in  the  air  suggests  the  behavior 
of  small  particles  in  liquids.  We  have  already  noted  (703)  the 
Brownian  movement  of  smoke  particles.  The  accumulation  of 
an  electrical  charge  by  clouds  in  the  process  of  formation  and 
the  formation  of  rain  with  the  discharge  of  the  former  have  their 
counterparts  in  the  behavior  of  suspensoids.  The  atmosphere 
with  its  dust  and  water  particles  is,  of  course,  a  disperse  system. 

775.  The  Liquefaction  of  Gases. — Faraday's  experiments  on, 
the  liquefaction  of  chlorine  have  already  been  described  (242). 
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!Ve  have  also  seen  that  ammonia  can  be  liquefied  when  strongly 
compressed  (517).    Carbon  dioxide  gas  can  be  liquefied  (633) 
at  a  vcr>'  high  pressure  if  at  the  same  time  the  temperature  is 
^—IkIow  31".    Above  this  temperature  no  pressure,  however  great, 
^^buses  liquefaction.    At  31°  the  pressure  required  is  72  atmos- 
H|)faeres.     At    lower    temperatures    less  pressure   is   required. 
^txperiment  has  shown  that  for  every  gas  there  is  a  definite 
temperature  above  which  no  pressure  (however  great)  will  cause 
liquefaction.     This  temperature  is  called  the  critical  tempera- 
ture of  the  gas.    The  vapor  pressure  exerted  at  its  critical 
temperature  by  a  liquefied  gas  is  called  its  critical  pressure. 
Any  gas  may  be  liquefied  if  cooled  below  its  critical  temperature 


TABLE  XXXVin 

Gu 

Crit 

oOPmHirr 

Boniji«-Point  in 

imoniit 

131° 

113 

-   39° 

rlxm  monoxide 

ibondkKdde 

-    76 

dnwra  chloride 

lrifT«A1--  ,    ,    , 

-    88 

fur  dionde 

lorinc 

146 

84 

-  34 

drogen    . 

-143 

-J5) 

irogcn 

-145 

34 

-194 

TB»>-K='» 

S' 

-:8j 

and  subjected  to  a  pressure  which  need  not  exceed  its  critical  pressure. 
1  known  gases  except  fi\'e  (hydrogen,  nitrogen,  oxygen,  nitric 
ride,  and  carbon  monoxide)  were  liquefied  by  Faraday  by  the 
1 84 5.  The  critical  temperatures,  critical  pressures,  and 
Diling-points  at  one  atmosphere  pressure  of  a  number  of  gases 
c  given  in  Table  XXXVIII, 
Solid  carbon  dioxide  (633)  mixed  with  ether  (642)  to  make 
\,  a  better  heat  conductor  was  used  by  Faraday  as  a  cooling 
By  means  of  this  mixture  a  temperature  of  —80"  is 
Bily  obtained.  Even  at  —So'"  and  at  very  high  pressures 
^raday  could  not  liquefy  the  five  named  gases.  These  he 
lUcd  permanent  gases.  Wc  now  know  that  these  gases  differ 
nil  others  only  in  having  critical  temperatures  consideraWy 
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he  had  no  means  of  cooling  them  to  sufficiently  low  temperatures. 
With  liquid  air,  boiling  at  atmospheric  pressure,  a  temperature 
of  — 190**  is  available.  Since  carbon  monoxide  boils  at  — 190® 
and  nitric  oxide  at  —  1 54**  both  these  gases  are  readily  liquefied 
by  cooling  them  with  liquid  air.  In  the  case  of  the  former  a 
little  pressure  above  atmospheric  is  required.  Hydrogen,  how- 
ever, cannot  be  liquefied  at  —190°  even  when  strongly  com- 
pressed. This  fact  indicates  that  the  critical  temperature  of 
this  gas  is  lower  than  — 190**. 

779.  Liquid  Hydrogen. — ^Hydrogen  was  condensed  to  a 
liquid  (in  appreciable  amounts)  by  Dewar  in  1898.  The  method 
employed  was  similar  to  that  used  to  make  liquid  air  (776); 
but  the  compressed  hydrogen  before  entering  the  liquefier,  D, 
Fig.  no  (776),  was  cooled  to  —185®  by  liquid  air.  Liquid 
hydrogen  is  a  colorless  liquid,  about  one-seventh  as  dense  as 
water.  Its  critical  temperature  is  —243°,  its  critical  pressure 
II  atmospheres.  It  boils  at  —252®  at  atmospheric  pressure, 
equal  to  21®  absolute. 

780.  Flames. — That  a  flame  is  a  burning  gas  is  of  course  well 
known  to  the  reader;  but  it  may  not  have  occurred  to  him  that 
the  flame  of  a  candle  or  kerosene  lamp  is  a  gas  flame.  In  the 
case  of  a  burning  candle  the  wax  melted  by  the  heat  forms  a 
small  pool  of  liquid;  this  the  wick  takes  up  by  capillary  action 

and  brings  to  the  center  of  the  flame,  where  the 
intense  heat  decomposes  the  wax  into  volatile 
(gaseous)  products.  By  holding  a  narrow  glass 
tube  3  inches  long  in  a  candle  flame  so  that  the 
lower  end  of  the  tube  is  at  the  tip  of  the  wick, 
unburned  gas  may  be  drawn  from  the  center  of 
the  flame  and  burned  at  the  upper  end  of  the 
Fig.  1 1 2  tube,  Fig.  112.    This  experiment  also  shows  that 

in  the  center  of  the  candle  flame  the  gas  is  as 
yet  unburned.  It  unites  with  oxygen  in  the  outer  layer  of  the 
flame ;  this  is  therefore  the  hottest  part  of  the  flame,  while  the 
interior  is  much  cooler.  If  a  piece  of  writing  paper  is  held  for 
a  few  seconds  in  a  candle  flame  at  the  tip  of  the  wick  and 
perpendicularly  to  the  latter,  it  will  be  scorched  in  a  ring,  the 
center  of  which  is  unburned. 
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^  The  flame  of  burning  wood  or  coal  is  formed  similarly  to 
the  candle  flame  by  reason  of  the  preliminary  conversion  of  the 
fuel  into  gaseous  products. 

781.  The  Bunsen  Burner. ^If  we  close  the  air  vents  at  thi 
base  of  a  Bunsen  burner  the  ignited  gas  burns  with  a  flame 
resembling  the  candle  flame  in  structure.  The  flame  is  luminous 
and  is  likely  to  be  smoky.  If  we  open  the  air  vents  sufficient 
oxygen  becomes  mixed  with  the  gas  to  cause  much  more  rapid 
burning,  since  now  it  is  not  necessary  for  gas  and  air  to  mix  by 
the  rather  slow  process  of  diffusion  after  the  gas  has  left  the 
burner  tube-  With  the  ideal  adjustment  of  the  air  vents  some- 
what less  oxygen  is  supplied  than  the  total  necessary,  so  that 
some  oxygen  is  taken  from  the  air  around  the  flame.  If  too 
much  air  mixes  with  the  gas  at  the  vents,  the  mixture  burns 
with  such  great  rapidity  that  the  speed  of  ignition  exceeds  the 
speed  with  which  the  mixed  gas  and  air  travel  upward  in  the 
burner  tube,  with  the  result  that  the  flame 
"strikes  back"  and  "burns  at  the  base." 
In  an  improved  form  of  burner  known  as 
the  Meker  burner  (Fig.  1 13)  the  design  of 
the  tube  and  vents  is  such  that  a  larger 
proportion  of  air  is  taken  in  than  in  the 
ordinary  Bunsen  burner,  and  air  and  gas 
are  more  intimately  mixed  before  reaching 
the  top  of  the  burner.  To  prevent  strik- 
ing back,  the  wide  upper  end  of  the  burner 
tube  is  pro\'ided  with  a  metal  grid,  in  the  ^ic   m 

narrow  passages  of  which  the  hot  gases  are 
so  greatly  cooled  that  the  downward  speed  of  the  ignition  wave 
no  longer  exceeds  that  of  the  upward-moving  gas  stream. 

The  Bunsen  flame  with  open  vents  consists  of  two  distinct 
parts:  the  inner  cone  of  a  greenish  color  and  the  outer  cone, 
bluish  in  color  and  less  luminous.  The  hottest  part  of  the  flame 
is  found  in  the  center  of  the  outer  cone,  just  above  the  apex  of 
the  iimer  cone. 

783.  Luminous  and  Non-luminous  Flames. — The  cause  of 
luminosity  of  a  gas  flame,  such  as  that  from  a"fish  tail"  burner, 
has  been  the  subject  of  extensive  investigation.    It  is  probable 
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that  certain  compounds  in  the  gas,  notably  acetylene,  C^R, 
(663),  are  decomposed  by  heat  giving  free  carbon;  and  that  the 
particles  of  the  latter,  being  intensely  heated,  give  out  light. 
Indeed  we  have  only  to  hold  a  cold  object  in  a  luminous  flame  to 
collect  on  it  a  deposit  of  soot  (carbon).  Furthermore  it  is  well 
known  that  if  acetylene  is  strongly  heated  in  the  absence  of  air 
it  dissociates  into  hydrogen  and  carbon.  The  particles  of  carbon 
in  a  luminous  flame  are  finally  more  or  less  completely  burned. 

The  action  of  air  in  rendering  a  Bunsen  flame  non-luminous 
is  said  by  some  chemists  to  be  due  to  more  perfect  combustion. 
But  this  explanation  is  not  quite  sufficient,  since  a  gas  flame  is 
rendered  non-luminous  by  admixture  with  nitrogen  or  carbon 
dioxide  instead  of  with  air.  Probably  these  inert  gases  so  act 
because  the  temperature  of  the  flame  is  reduced  by  the  dilution 
to  a  point  below  that  at  which  the  acetylene,  etc.,  is  decomposed 
before  it  burns.  Air,  being  four-fifths  nitrogen,  must  also  act 
as  a  diluent  in  the  Bunsen  flame. 

We  always  use  the  non-luminous  Bunsen  flame  when  we 
wish  to  heat  anything  most  efficiently;  and  we  might  be  led  to 
conclude  that  a  given  volume  of  gas  produces  more  heat  as  a 
non-luminous  than  as  a  luminous  flame.  This,  however,  is  not 
true;  the  heat  production  is  exactly  the  same  in  the  two  cases,  that 
is,  if  the  combustion  is  complete  (363).  Nevertheless  a  beaker 
of  water  will  be  heated  more  quickly  and  a  piece  of  glass  will 
be  heated  hotter  in  the  non-luminous  flame.  One  reason  is  this: 
the  luminous  flame  radiates  heat,  as  well  as  light,  in  much  greater 
amount  than  does  the  non-luminous  flame,  as  is  easily  proved 
by  holding  the  hand  at  a  distance  of  a  few  inches  on  one  side  of  a 
Bunsen  flame  and  opening  and  closing  the  air  vent.  Most  of 
the  radiated  beat  is  lost  for  practical  heating  purposes.  A 
second  reason  why  the  non-luminous  flame  is  more  effective  is 
that  it  is  more  concentrated  (compact),  and  that  the  gases  are 
in  more  rapid  motion.  For  both  these  reasons  hot  molecules 
strike  the  object  to  be  heated  more  frequently  than  is  the  case 
in  the  luminous  flame  and  so  raise  its  temperature  more  rapidly. 
783.  Reactions  in  the  Flame.  Bead  Tests.— It  is  perha,os 
a  new  point  of  view  to  consider  the  flame  as  a  reagent,  but  thav 
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it  is  a  valuable  one  may  be  illustrated  by  some  well-known  bead 
tests.  If  a  metaphosphate  bead  is  made  in  the  usual  way  and 
i  tiny  speck  of  a  copper  salt  is  melted  into  it  by  heating  the  two 
in  the  non-luminous  flame  of  the  burner,  after  the  resulting  bead 
is  cool  it  will  be  found  to  be  blue,  the  usual  color  of  dilute  solu- 
tions of  copper  salts.  But  if  the  air  holes  of  the  burner  are  partly 
closed,  so  that  a  small,  luminous  sheath  appears  on  the  tip  of 
'he  inner  cone  of  the  flame  and  the  bead  is  first  melted  In  this 
sheath  and  then  lowered  into  the  inner  cone  of  unburned  gas 
wJiUl  it  is  cool,  upon  removal  from  the  flame  the  bead  will  be 
seen  to  be  opaque  and  reddish,  owing  to  the  presence  of  finely 
divided  copper.  If  the  red  bead  is  reheated  in  the  outer  flame 
the  blue  color  reappears.  As  a  consequence  of  such  reactions 
the  inner  cone  of  the  flame  is  known  as  the  reducing  region 
and  the  outer  as  the  oxidizing  region.  The  reducing  region  of 
Hhe  non-luminous  flame  is  relatively  thin,  but  its  depth  is  in- 
(treased  by  shutting  off  a  little  of  the  air  as  indicated  above. 
*€any  other  bead  tests  can  be  made  in  a  similar  way. 

784.  Colored  Flames.— A  number  of  elements  if  brought  into 
a  non-luminous  Bunsen  flame  in  the  form  of  volatile  compounds 


TABLE  XXXIX 

Element  Color  <;I  Flunc 

Sodium  ...  Yellow 

Potassium        ,  .     .      .  Violet 

Lithium Crimson 

Calcium Orange 

Strontium Red 

Barium  .  ,  Green 

Copper Blubh  green 

Boron Green 


nially  salts)  give  to  the  flame  characteristic  colors.  Thus, 
common  salt  and  other  compounds  of  sodium  give  intensely 
yellow  flames.  The  flame  color  is,  in  general,  dependent  on  the 
elements  present  irrespective  of  whether  they  are  free  or  com- 
bined. Table  XXXIX  gives  a  Ibt  of  the  commoner  elements 
fonniDg  colored  dames. 
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Very  interesting  and  important  facts  about  colored  flames 
are  brought  out  by  the  use  of  the  spectroscopei  to  the  descrip- 
tion of  which  we  shall  now  turn. 

785.  The  Spectroscope. — ^When  a  narrow  beam,  A ,  of  white 
light,  with  parallel  rays,  strikes  a  prism,  B,  in  the  manner  illus- 
trated in  Fig.  114,  its 
colors  are  refracted  to 
different  degrees  so  that 
the  emerging  light  is 
spread  out  as  a  spec- 
trum at  C,  with  its  red 

rays  least  and  its  violet 

Pj^j  jj^  rays   most   changed  in 

direction.  A  spectro- 
scope (Fig.  lis)  consists  of  a  prism,  A,  with  one  tube,  B, 
carrying  lenses  so  arranged  as  to  throw  a  narrow  beam  of  light 
on  the  prism,  and  a  second  tube,  C,  carrying  a  set  of  lenses 
forming  a  microscope  through  which  the  spectrum  is  viewed.  In 
most  cases  there  is  in  addition  a  third  tube,  Z?,  carrying  a  scale 
which  can  be  illuminated,  by  means  of  which  the  different  colors 
of  the  spectrum  can  be  located.  If  one  examines  with  the 
spectroscope  the  light  from  an  incandescent  electric  bulb  he  sees 
the  entire  spectrum  from 

I 


red  on  the  one  hand  to 
violet  on  the  other,  with 
no  single  color  noticeably 
brighter  than  any  other. 
The  same  kind  of  spectrum 
is  given  by  any  white-hot 
body,  as  for  example  an 


Fig.  115 


incandescent   gas  mantle. 

Such  a  spectrum  is  called  a  continuous  spectrum.    A  luminous 

gas  flame  also  gives  a  continuous  spectrum. 

786.  Bright-Line  Spectra. — An  entirely  different  picture  is 
presented  when  one  looks  at  a  non-luminous  Bunsen  flame  made 
yellow  by  a  sodium  salt.  Instead  of  the  entire  spectrum  only  a 
bright-yellow  line  appears.    If  the  instrument  is  a  good  one 
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^Kuj  a  very  narrow  beam  of  light  is  used,  the  yellow  line  is  found 
^Hb  consist  of  two  parallel  lines  very  close  together  in  the  position 
Hdd  the  scale  occupied  by  the  yellow  part  of  the  spectrum  when 
the  entire  spectrum  is  present.  The  spectrum  of  the  element 
lithium  is  still  more  striking,  in  that  it  appears  as  a  single  bright 
line  of  the  purest  red.  The  spectrum  of  potassium  shows  two 
e  in  the  red  but  not  in  the  same  position  as  that  of  hthium 
r  of  the  same  shade  of  red,  and  another  in  the  violet.  Some 
ments  hke  calcium  give  a  rather  complex  spectrum  made  of 
tveral  hncs,  some  of  which  are  rather  broad-  Each  element 
tves  its  own  characteristic  spectrum,  so  that  if  one  is  familiar 
1  the  various  line  spectra  of  the  elements  it  becomes  a  very 
mple  matter  to  identify  at  once  any  element  which  gives  a 
olored  flame.  This  identification  is  made  easy  because  each 
e  of  the  spectrum  always  appears  at  a  fixed  position  on  the 
ale  of  the  instrument,  so  that  the  observer  has  only  to  note  the 
ale  position  of  the  lines  without  considering  critically  their 
colors.  It  is  not  difficult  to  detect  spectroscopically  the  presence 
of  two  or  more  elements  in  a  mixture.  Thus  for  example  if  a 
little  lithium  chloride,  LiCl,  is  mixed  with  some  common  salt 
the  presence  of  the  former  can  easily  be  detected  with  the  spectro- 
scope. To  do  this  the  end  of  a  platinum  wire  is  dipped  in  the 
solution  to  be  tested  and  then  held  in  a  non-luminous  flame 
toward  which  the  slit  of  the  spectroscope  is  directed.  One  sees 
the  lines  of  both  lithium  and  sodium. 

787.  Other  Means  of  Examining  Spectra. ^Only  a  small 
number  of  elements  give  colored  flames  suitable  for  spectro- 
scopic study.    By  suitable  means  every  element  can  be  made  to 
show  a  bright  line  spectrum.     In  general  it  is  necessary  for  this 
purpose  to  heat  the  element  to  a  higher  temperature  than  that 
of  the  Bunsen  flame.     To  do  this  we  may  make  use  of  the  electric 
arc;  or  we  may  cause  sparks  to  pass  between  a  platinum  wire 
and  a  solution  of  the  substance.     In  either  case  bright-line 
jmectra  are  seen;    but  there  is  usually  more  or  less  difference 
Httween  the  flame,  arc,  and  spark  spectra  of  a  given  element.     A 
^Hl  different  method  applicable  to  gases  and  volatile  substances 
insists  in  rendering  them  luminous  by  the  discharge  of  an 


1 


5o6  Introduction  to  General  Chemistry 

induction  coil  while  they  are  contained  in  a  glass  tube  imder 
low  pressure.  The  spectroscope  is  of  great  importance  in  the 
analysis  of  substances,  and  in  several  cases  its  use  has  led  to  the 
discovery  of  new  elements. 

788.  The  Ether  Wave  Hypothesis. — ^Light  is  a  vibratory 
disturbance  in  the  so-called  luminous  ether,  the  waves  being 
set  up  (according  .to  hypothesis)  by  atomic  vibrations.  Light 
of  a  definite  color  is  due  to  waves  all  of  equal  length.  In  so  far 
as  the  visible  spectrum  is  concerned,  red  light  has  the  longest 
waves  and  violet  light  the  shortest.  Waves  of  intermediate 
lengths  give  all  the  intervening  colors  of  the  spectrum.  An 
incandescent  solid  sends  out  waves  of  all  lengths  and  gives 
therefore  a  continuous  spectrum.  On  the  other  hand,  a  glowing 
gas  emits  waves  of  but  very  few  wave-lengths,  corresponding  to 
the  bright  lines  of  its  spectrum.  The  reason  for  this  is  thought 
to  be  that  each  distinct  length  of  wave  is  caused  by  a  single  sort 
of  vibrator.  Very  likely  it  is  the  electrons  composing  an  atom 
(482)  which  act  as  the  vibrators  which  set  up  the  ether  waves 
appearing  to  the  eye  as  light. 

789.  Dark-line  Spectra. — If  a  colored  flame  (say  of  sodium 
light)  is  interposed  between  a  highly  luminous  solid  and  a  spec- 
troscope one  might  expect  to  see  a  continuous  spectrum  with 
its  yellow  portion  crossed  by  a  still  brighter  yellow  line.  The 
effect,  however,  is  quite  the  contrary:  where  we  should  expect 
the  bright  line  of  sodium  a  dark  line  appears  instead.  Under 
similar  conditions  the  colored  flame  of  any  other  element  would 
in  like  fashion  show  a  dark-line  spectrum  of  that  element,  having 
a  dark  line  corresponding  to  every  bright  line  of  its  ordinary 
spectrum.  The  explanation  of  this  curious  fact  seems  to  be  the 
following:  vibrators  (atoms  or  electrons)  which  can  emit  light 
of  a  certain  wave-length  are  also  able  to  absorb  light  of  this  same 
wave-length.  Therefore  those  wave-lengths  of  the  light  of  the 
bright  continuous  spectrum  which  correspond  to  the  bright  lines 
of  the  glowing  gas  are  absorbed  in  passing  through  the  latter, 
so  that  in  their  places  dark  lines  appear  in  the  spectnmi. 

790.  The  Composition  of  the  Sun  and  the  Stars. — ^The  spec- 
trum of  daylight  (sunlight)  shows  a  great  number  of  dark  lines. 
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hese  were  discovered  by  Wollaston  in  1802  and  first  mapped 
'  Fraunbofer  in  1814;  they  are  commonly  called  Fraunhofer 
These  lines  correspond  to  the  elements  present  in  the 
■^sun"s  glowing  atmosphere.  Among  the  elements  so  indicated 
are  many  common  on  earth  such  as  calcium,  iron,  hydrogen,  and 
sodium.  A  few  lines  are  present,  however,  which  do  not  cor- 
lond  to  any  known  elements.  Some  of  these  are  thought  to 
B  due  to  elements  not  as  yet  discovered  on  earth, 
_  We  may  even  learn  much  of  the  chemical  composition  of  the 
stars,  which  are  in  fact  very  distant  suns,  by  a  study  of  their 
dark-line  spectra. 

7()i.  The  Discovery  of  Argon. — In  the  year  1890  there  was 
probably  not  a  single  reputable  chemist  in  the  world  who  would 
have  conceded  the  possibility  of  the  existence  in  the  air,  to  the 
extent  of  nearly  i  per  cent,  of  a  hitherto  unknown  gaseous 
element.  The  discovery  of  argon  in  1894  by  Rayleigh  and 
Ramsay  forms,  therefore,  one  of  the  most  interesting  and  sug- 
gestive chapters  of  modern  chemistry.  The  whole  story  as 
related  by  Lord  Rayleigh  himself  in  the  article  on  argon  in  the 
eleventh  edition  of  the  Encyclopaedia  Britannica  is  well  worth 
reading.  Briefly  stated  the  circumstances  leading  to  the  dis- 
covery are  these:  Lord  Rayleigh,  one  of  the  world's  greatest 
physicists,  and  Professor  Ramsey  {later  Sir  William),  a  brilliant 
chemist,  both  Englishmen,  were  engaged  in  a  research  on  the 
determination  of  gas  densities,  in  which  results  of  the  utmost 
^accuracy  were  desired.  Nitrogen  was  one  of  the  gases  studied. 
^^How,  as  the  student  well  knows,  nitrogen  can  be  prepared  from 
^fprious  nitrogen  compounds  (513)  as  well  as  also  (so  it  was 
^*Oiought)  from  the  air  by  the  removal  of  oxygen,  carbon  dioxide, 
and  water  vapor,  and  the  minute  amounts  of  other  known  gases. 
Rayleigh  and  Ramsey  found  that  nitrogen  extracted  in  this  way 
from  air  had  a  density  half  of  i  per  cent  greater  than  nitrogen 
made  from  ammonia  or  other  pure  compounds  of  nitrogen.  This 
difference  in  density  was  about  fifty  times  as  great  as  could  be 
accounted  for  by  experimental  error!  The  only  logical  conclu- 
sion was  that  "atmospheric  nitrogen"  contained  an  appreciable 
Kirtion  of  a  new  gas  denser  than  nitrogen  and  equa 
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more  inert  chemically  than  the  latter.  A  thoroughgoing  search 
of  the  literature  of  nitrogen  brought  to  light  a  most  valuable 
clue.  Nearly  a  century  earlier  Cavendish  (292),  the  discoverer 
of  hydrogen,  had  carried  out  an  experiment  in  which  atmospheric 
nitrogen  mixed  with  an  excess  of  oxygen  was  subjected  to  the 
prolonged  action  of  electric  sparks  (566) .  The  oxides  of  nitrogen 
so  formed  were  absorbed  in  alkali,  and  the  volume  of  the  nitrogen 
was  thus  reduced  to  i  / 1 20  of  that  taken.  But  further  diminution 
of  volume  could  not  be  made  to  take  place. 

Rayleigh  and  Ramsay's  repetition  of  Cavendish's  experiment 
with  much  more  refined  and  larger  apparatus  enabled  these 
scientists  to  obtain  considerable  amounts  of  the  chemically 
inert  residual  gas.  When  this  was  freed  from  nitrogen  and  other 
known  gases  it  was  found  to  be  a  colorless,  odorless  gas  i  .25 
times  as  dense  as  oxygen  (i  liter  weighs  i .  78  g.).  It  was  named 
argon  and  given  the  symbol  A. 

Every  eflFort  to  cause  argon  to  combine  with  other  elements 
or  react  in  any  way  with  any  other  substance  proved  completely 
futile.  Furthermore  argon  could  not  be  decomposed  by  any 
physical  means.  It  was  therefore  classed  as  an  element,  but 
one  without  chemical  affinity  and  therefore  without  chemical 
properties. 

792.  The  Molecular  and  Atomic  Weights  of  Argon. — At 
standard  conditions,  22.4  liters  of  argon  weigh  39.9 g.;  there- 
fore the  molecular  weight  of  the  element  is  39. 9.  Since  argon 
does  not  combine  with  other  elements  it  is  impossible,  by 
methods  so  far  discussed  in  this  text,  to  determine  its  atomic 
weight.  If,  however,  we  can  by  some  independent  method  find 
the  munber  of  atoms  in  a  molecule  of  argon  we  have  only  to 
divide  its  molecular  weight  by  this  number  to  get  its  atomic 
weight. 

By  means  of  calculations  based  on  the  kinetic-molecular 
hypothesis  it  has  been  found  that  if  no  expansion  is  permitted 
the  amount  of  heat  required  to  raise  the  temperature  of  one  gram 
molecular  weight  of  a  gas  one  degree  (the  so-called  molecular 
heat)  should  be  three  calories,  if  each  molecule  consists  of  a 
single  atom.    In  this  case  the  heat  applied  is  wholly  used 


Ilp  increase  the  velocities  of  the  molecules.  If  however  the 
molecules  are  made  up  of  two  or  more  atoms  each,  then  part 
of  the  heat  is  used  up  in  increasing  the  internal  energy  of  each 
molecule  (that  is,  increasing  the  vibrational  or  rotational 
velocities  of  the  atoms  within  each  molecule  with  respect  to 
one  another).  Therefore  the  heat  required  to  raise  the  tempera- 
^Htire  of  one  gram  molecular  weight  of  a  diatomic  gas  should 
^■teoretically  be  more  than  three  calories. 
^F  Now  it  has  been  found  by  experiment,  in  strict  accord  with 
theory,  that  the  vapors  of  sodium  and  mercurj-.  elements  having 
single  atom  molecules  (75),  have  molecular  heats  of  three 
calories.  No  known  gas  or  vapor  has  a  smaller  molecular  heat 
than  this  value.  On  the  other  hand,  just  as  theory  predicts, 
oxygen,  hydrogen,  and  nitrogen,  all  forming  diatomic  mole- 
cules, have  molecular  heats  of  about  4.9  calories.  Gaseous 
elements  and  compounds  with  still  more  complex  molecules  show 
still  larger  molecular  heats.  When  the  molecular  heat  of  argon 
was  found  to  be  three  calorics  the  conclusion  was  at  once  drawn 
that  its  molecules  consist  of  single  atoms  and  therefore  that  its 
atomic  weight  is  identical  with  its  molecular  weight,  namely 
Indeed  this  conclusion  is  quite  in  harmony  with  the  fact 
At  argon  does  not  unite  with  other  elements,  for  it  would  be 
'  strange  if  its  atoms  united  with  one  another  when  they 
f  no  inclination  to  unite  with  other  atoms. 
753.  The  Ratio  of  Molecular  Heats  of  Gases.— The  molec- 
ular heat  referred  to  in  the  previous  section  is  the  so-called 
moIecxJar  heat  at  constant  volume,  C.  It  represents  the  heat 
necessary  to  raise  one  gram  molecular  weight  of  the  gas  through 
one  degree  centigrade  when  the  volume  of  the  gas  is  kept  con- 
stant. If  the  gas  is  allowed  to  expand  at  constant  pressure 
while  it  is  being  heated,  two  more  calories  per  molar  weight  are 
needed  to  raise  the  temperature  one  degree.  These  two  calories 
are  used  up  in  the  work  of  overcoming  the  external  pressure 
during  the  expansion  of  the  gas.  The  value  so  determined 
is  the  molecular  heat  at  constant  pressure,  C,.  Now  it 
appears  that  the  ratio  of  the  two  molecular  heats  Cp/C,  for  a 
1  gas  may  be  calculated  from  the  velocity  of  sound  in  the 
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gas  in  question,  and  that  the  ratio  is  a  relatively  easy  value  to 
determine.  As  a  result  it  is  usual  to  find  Cp/Cp  instead  of  the 
separate  values.  For  if  Cp  for  monatomic  gases  is  equal  to 
three,  then  the  ratio  of  the  molecular  heats  may  be  represented 
thus: 

et=3±£=x.66 

The  ratio  of  the  molecular  heats  of  a  diatomic  gas  is  in  no  case 
more  than  i  .40.  The  ratio  of  the  molecular  heats  is  at  its  maxi- 
mimi  in  the  case  of  monatomic  gases. 

794.  The  Story  of  the  Discovery  of  Helium. — Of  all  the 
elements  known  in  1894  argon  stood  alone  in  refusing  to  unite 
chemically  with  any  other  element.  Naturally  this  proved  a 
matter  of  surpassing  interest  to  chemists  at  the  time.  After 
the  extensive  laboratory  experiments  in  which  Rayleigh  and 
Ramsay  hoped  to  make  compounds  of  argon  had  all  failed,  it 
occurred  to  these  scientists  that  such  compounds  might  possibly 
exist  in  nature.  But  if  this  were  true,  where  should  they  seek 
these  strange  substances?  Once  more  a  search  of  old  chemical 
literature  furnished  a  clue.  In  a  paper  by  the  American  chemist 
Hillebrand  there  appeared  a  statement  that  the  mineral  cleveite 
when  heated  gave  off  nitrogen.  Before  the  discovery  of  argon 
it  was  considered  sufficient  identification  of  a  gas  as  nitrogen 
to  show  that  it  was  chemically  inert  and  not  one  of  the  other 
known  gases.  Perhaps  the  "nitrogen"  from  cleveite  might  be 
argon!  Ramsay  repeated  Hillebrand's  experiment  and  obtained 
very  readily  an  inert  gas,  but  it  was  not  nitrogen,  since  it  would 
not  unite  with  oxygen  under  the  action  of  electric  sparks  (566). 
Moreover,  it  was  not  argon,  since  its  density  was  but  one-tenth 
as  great  as  that  of  argon.  //  was  plainly  a  new  element,  tvith 
a  density  only  twice  that  of  hydrogen;  but  like  argon,  entirely 
devoid  of  chemical  affinity.  The  spectrum  of  the  new  gas  showed 
a  yellow  line  not  far  from  that  of  sodium  but  not  identical  with 
that  of  any  hitherto  known  element.  Search  of  the  literature 
of  spectroscopy,  however,  revealed  a  most  interesting  fact.  In 
1868  the  astronomer  Lockyer  studied  the  photographs  of  spectra 
of  the  sun's  corona  (the  incandescent  atmosphere  of  the  sun) 
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Vaiken  during  a  total  eclipse  and  had  noted  the  presence  of  a 
Fraunhofer  dark  line  in  the  yellow  of  the  spectrum  which  could 
not  be  identified  as  due  to  any  known  element.  In  explanation 
Lockycr  suggested  that  this  line  was  doubtless  due  to  a  new 
element  to  which  he  gave  the  name  helium  (Gr.  Mios,  the  sun). 
Careful  comparison  of  the  position  of  the  dark  line  of  the  Lockyer 
photograph  with  the  yellow  line  of  the  new  gas  showed  beyond 
any  doubt  that  the  two  were  produced  by  the  same  element. 
Therefore  the  new  gas  was  Lockyer's  helium!  Thus  Rayleigh 
and  Ramsay's  search  for  a  possible  compound  of  argon  led  to  the 
discovery  on  earth  of  an  element  whose  existence  in  the  sun  had 
been  announced  thirty  years  earlier  on  the  evidence  of  a  photo- 
graph taken  of  an  object  92  million  miles  away. 

795.  Helium  and  the  Alpha  Rays  of  Radioactive  Sub- 
stances.— We  have  already  stated  (480)  that  the  alpha  rays  of 
radioactive  substances  are  helium  atoms.  The  further  discus- 
sion of  this  scientifically  important  topic  will  be  taken  up  in 
chapter  xxxi.  At  this  point  we  shall  only  add  that  minerals 
like  cleveite,  in  which  helium  is  contained,  all  contain  radio- 
active substances,  and  that  the  helium  present  is  beyond  doubt 
the  product  of  radioactive  changes  {867).  Helium  is  present  in 
the  atmosphere  in  minute  amount,  about  four  parts  in  a  million. 

796.  The  Properties  of  Helium. — As  we  have  stated,  heiium, 
like  argon,  is  devoid  of  all  chemical  properties.  It  is  a  colorless, 
odorless  gas  of  twice  the  density  of  hydrogen.  One  liter  weighs 
o.iSg.  and  22,4  liters  weigh  4.0 g.  Therefore  its  molecular 
weight  is  4.  Since  the  ratio  of  its  two  molecular  beats  (793)  is 
1 .66,  it  is  a  monatomic  gas  and  its  atomic  weight  is  therefore  4. 
Of  all  gases  helium  is  the  most  difficult  to  liquefy.  It  has  the 
lowest  critical  temperature,  —268°  or  5°  absolute.  By  cooling 
compressed  helium  by  boiling  liquid  hydrogen  and  allowing  it 
to  expand  in  a  liquefier  similar  in  principle  to  that  used  for  Uquid 
air  (776)  it  has  been  condensed  to  a  liquid  which  boils  at  4.3° 
absolute.  The  boiling-point  of  helium  imder  reduced  pressure 
showed  a  temperature  of  about  3°  absolute;  this  is  up  to  the 
present  time  the  lowest  temperature  ever  produced  experi- 
meotally.    The  liquefaction  of  helium  was  accomplished  by 
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Dr.  Kammerlingh  Onnes,  of  the  University  of  Leiden,  in  the 
year  1908. 

797.  Helium  Balloons. — ^The  use  of  balloons  in  warfare  is 
extremely  precarious  on  account  of  the  inflammability  of  the 
hydrogen  with  which  they  are  filled.  Helium  being  incom- 
bustible would  be  an  ideal  substitute  for  hydrogen  if  it  could  only 
be  had  in  sufl5cient  quantity.  The  lifting  power  of  a  helium 
balloon  is  eleven-twelfths  of  that  of  the  same  balloon  filled  with 
hydrogen.  For  a  number  of  years  it  had  been  known  that  helium 
was  often  found  in  small  proportions  in  natural  gas,  and  when 
the  matter  of  helium  balloons  began  seriously  to  be  considered 
in  the  last  year  of  the  war  (191 8)  it  was  found  that  a  certain 
gas  well  in  Texas  produced  gas  containing  nearly  i  per  cent  of 
helium.  Calculation  showed  that  this  well  also  produced  a 
sufficient  total  amount  of  helium  to  be  of  practical  importance. 
The  United  States  government  appropriated  $soo,cxx>  for  a 
plant  to  produce  pure  helium,  and  at  the  end  of  the  war  pro- 
duction had  already  begun.  It  is  not  unlikely  that  immense 
dirigibles  filled  with  helium  will  in  the  near  future  furnish  a 
safe  means  of  aerial  travel.  If  this  turns  out  to  be  the  case  it 
will  be  because  two  English  scientists  were  keen  to  discover  the 
cause  of  a  seemingly  trivial  matter — the  small  discrepancy  in 
the  density  of  nitrogen  as  prepared  in  different  ways!  But  this 
is  the  usual  course  of  great  practical  discoveries,  the  scrupulous 
following  up  of  every  outstanding  scientific  inconsistency. 

798.  Three  Other  Inactive  Gases. — Shortly  after  the  dis- 
covery of  helium  three  other  inert  gases  were  discovered  in 
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minute  amount  in  the  atmosphere.  Like  helium  and  argon 
these  new  gases  do  not  form  any  chemical  compounds;  they  are 
also  monatomic.  These  gases  with  their  symbols  and  atomic 
weights  are  given  in  Table  XL. 
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79Q,  Summarr  and  Conclusions.— ^The  air  may  be  considertd 
B  a  great  gaseous  ocean  into  which  flow  many  gases  of  terrestrial 
I  and  from  which  are  drawn  the  gases  entering  into  the 
irth's  chemical  activity.     It  is  evident  that  in  addition  to  the 
iveral  well-known  components  of  the  air  there  must  also  be 
resent  numerous  other  gases  and  vapors  in  minute  proportions. 
5ie  composition  of  the  air  remains  nearly  constant  because  of 
Ktbe  approximate  equality  of  formation  and  removal  of  the  several 
rcomponents.     In  addition  to  the  gases  present,  water  vapor  and 
Hustare  components  of  prime  importance.    Without  dust  (or  gas- 
eous ions)  wc  should  have  no  clouds,  and  without  clouds  no  rain, 
although  we  should  have  high  humidity  and  tremendous  dews. 
hViewed  in  the  light  of  the  matters  considered  in  chapter  xxviii 
Bwe  must  see  that  the  atmosphere  is  a  disperse  system  consisting 
^  of  a  complex  gaseous  mixture  filled  with  a  suspension  of  minute 
solid  particles  (dust)  and  liquid  droplets  (water).    The  gaseous 
ions  of  the  air  become  in  part  attached  to  these  suspended 
particles  giving  to  them  plus  and  minus  charges,  corresponding 
to  the  charges  on  particles  of  colloidal  solutions. 

The  work  on  the  liquefaction  of  gases  so  ably  started  by 
Faraday  in  1823  was  brilliantly  completed  when  Kammerlingh 
Oimes  liquefied  helium  in  1908.  Every  known  gas  has  now  been 
liquefied,  and  all  save  helium  have  been  solidified.  In  the 
liquefaction  of  gases  two  principles  are  most  noteworthy:  first, 
the  gas  can  exist  as  a  liquid  only  below  its  critical  temperature; 
second,  a  highly  compressed  and  sufficiently  cold  gas  will,  upon 
being  allowed  to  expand,  fall  greatly  in  temperature. 

The  spectra  of  elements  volatilized  at  high  temperatures,  as 
in  a  flame  or  by  means  of  an  electric  spark  or  arc,  appear  as 
bright  lines.  Each  element  gives  definite  and  characterisric 
lines.  II  wliite  light  from  a  glowing  solid  passes  through  an 
incandescent  gas,  the  continuous  spectrum  of  the  former  is  seen 
to  be  crossed  by  dark  lines  which  are  the  Fraunhofer  spectrum 
of  the  gas.  The  spectroscope  is  of  great  importance  for  the 
lictection  of  elements.  By  its  aid  the  composition  of  the  atmos- 
phere of  the  sun  and  of  the  stars  has  been  definitely  revealed. 


CHAPTER  XXX 

SOBiE  ADDITIONAL  ELEMENTS  AND  THEIR  COMPOUNDS 

800.  Introduction. — The  total  number  of  elements  known  at 
the  present  time  is  83  (if  we  exclude  the  products  of  radioactive 
change,  chap,  xxxii).  These  with  their  symbols  and  atomic 
weights  are  given  in  Table  XLI.  In  the  foregoing  chapters  we 
have  become  acquainted  with  but  little  more  than  one-third  of 
the  elements.  In  the  present  chapter  we  shall  study  more  or 
less  briefly  the  chemistry  of  a  number  of  additional  elements. 
These,  with  those  studied  earlier,  include  all  of  the  elements  of 
practical  importance.  This  list  does  not  embrace  several  ele- 
ments which  are  fairly  abundant  but  for  which  no  technical  uses 
have  as  yet  been  discovered.  In  chapter  xxxi  these  remaining 
elements  will  also  be  considered. 

OvLT  study  of  part  of  the  elements  has  enabled  us  to  develop 
and  illustrate  many  principles  and  laws;  but  the  student  will 
naturally  wonder  whether  the  study  of  the  remaining  elements 
will  bring  forth  an  entirely  new  set  of  generalizations.  We  can 
hasten  to  assure  him  that  this  is  not  the  case,  for  in  the  study 
of  new  elements  and  compounds  he  will  encounter  very  few 
facts  and  phenomena  that  do  not  have  their  counterparts  among 
those  of  more  familiar  substances. 

801.  Boron. — ^Borax  and  boric  acid  (also  known  as  boracic 
acid)  are  doubtless  known  to  everyone.  These  are  compounds 
of  the  non-metallic  element  boron.  This  element  occurs  plenti- 
fully as  boric  acid,  H3BO3,  and  also  as  borates  of  sodium,  magne- 
siimi,  and  calcium,  but  never  as  free  boron.  It  is  found  chiefly  in 
Italy,  California,  and  Thibet.  Boric  acid,  which  is  volatile  with 
steam,  is  present  in  the  steam  escaping  from  the  earth  in  certain 
volcanic  regions,  especially  in  Italy.  Sodium  borate,  or  borax, 
which  is  easily  soluble,  occurs  abundantly  in  the  waters  of  some 
California  and  Nevada  lakes.  It  is  also  found  in  the  deposits 
left  by  the  drying  up  of  certain  lakes  of  this  same  region.    Borax 

5H 
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is  also  made  technically  from  the  borates  of  magnesium  and 
calciimi.    Boric  acid  and  borax  are  the  only  compounds  of  this 


TABLE  XLI 
International  Atomic  Weights,  191 7 


Element 


Aluminxim. . 
Antimony. . 

Argon 

Arsenic .... 

Barixim 

Beryllixim . . 
Bismuth. . . 

Boron 

Bromine — 
Cadmium. . 

Caesium 

Calcium 

Carbon 

Cerium 

Chlorine 

Chromium. . 

Cobalt 

Columbium. 

Copper 

D^prosium. 
Erbium .... 
Europium. . 
Fluorine. . . 
Gadolinixmi. 
Gallium . . . . 
Germanium. 

Gold 

Helium 

Holmium. . . 
Hydrogen. . 

Indium 

Iodine 

Iridium .... 

Iron 

Krypton.. . . 
Lanthanimi. 

Lead 

Lithium 

Lutecium. . . 
Magnesium. 
Manganese . 
Mercury. . . 


Symbol 

Atomic 
Weight 

Al 

27.1 

Sb 

120.2 

A 

39.88 

As 

74  96 

Ba 

137.37 

Be 

9.1 

Bi 

208.0 

B 

II. 0 

Br 

79.92 

Cd 

112.40 

Cs 

132.81 

Ca 

40.07 

C 

12.005 

Ce 

140.25 

CI 

35  46 

Cr 

52.0 

Co 

58.97 

Cb 

93  I 

Cu 

63  57 

Dy 

162.5 

Er 

167.7 

Eu 

152.0 

F 

19.0 

Gd 

157  3 

Ga 

69.9 

Ge 

72.5 

Au 

197.2 

He 

4.00 

Ho 

163  5 

H 

1.008 

In 

114. 8 

I 

126.92 

Ir 

193  I 

Fe 

55  84 

Kr 

82.92 

La 

139.0 

Pb 

207 . 20 

Li 

.  6.94 

Lu 

175  0 

Mg 

24.32 

Mn 

54  93 

Hg 

200.6 

Element 


Molybdenum . 
Neodjrmium.  . 

Neon 

Nickel 

Niton  (radium 
emanation) . 

Nitrogen 

Osmium 

Oxygen 

Palladium 

Phosphorus. . . 

Platinum 

Potassium 

Praseodjrmium 

Radium 

Rhodium 

Rubidium .... 
Ruthenium . . . 
Samarium .... 

Scandium 

Selenium 

Silicon 

Silver 

Sodium 

Strontium .... 

Sulfur 

Tantalum .... 
Tellurium .... 

Terbium 

Thallium 

Thorium 

Thulium 

Tin 

Titanium 

Tungsten 

Uranium 

Vanadium .... 

Xenon 

Ytterbium .... 

Yttrium 

Zinc 

Zirconium .... 


Mo 
Nd 

Ne 
Ni 

Nt 

N 

Os 

O 

Pd 

P 

Pt 

K 

Pr 

Ra 

Rh 

Rb 

Ru 

Sa 

Sc 

Se 

Si 

Ag 

Na 

Sr 

S 

Ta 

Te 

Tb 

Tl 

Th 

Tm 

Sn 

Ti 

W 

U 

V 

Xe 

Yb 

Yt 

Zn 

Zr 


Atomic 
Weight 


96.0 

144  3 
20.2 

58.68 

222.4 
14.01 

190.9 
16.00 

106.7 

31.04 

195  2 

39.10 
140.9 
226.0 
102.9 

85 -45 
101.7 

150.4 
44  I 
79  2 

28.3 
107.88 
23.00 

87  63 
32.06 
181. 5 

127.5 
159.2 
204.0 

23'^.  4 

5 

7 
I 

o 

,2 

.0 


168 

48. 

;84 

238 

51 
130.2 

173.5 
88.7 

6537 
90.6 


dement  that  are  of  any  commercial  importance;    these  are 
cheap  substances  and  are  produced  in  large  quantities. 
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802.  Boric  Acid,  H3BO3. — ^Boric  acid  forms  white  crystals 
which  dissolve  in  25  parts  of  cold  or  3  parts  of  boiling  water. 
It  is  a  very  weak  acid,  weaker  even  than  carbonic  acid.  Its  solu- 
tion is  almost  tasteless;  it  certainly  has  no  sour  taste.  The 
solution  is  used  extensively  in  medicine  as  an  antiseptic  lotion. 
A  cold,  saturated  solution  is  an  excellent  eye  wash.  If  alkali 
has  by  accident  got  into  the  eye,  after  the  former  has  been  washed 
out  at  once  with  water,  boric  acid  solution  should  be  copiously 
applied.  In  the  past  boric  acid  was  rather  extensively  used  as  a 
preservative  for  foods,  especially  milk.  Its  use  in  this  way  is 
now  prohibited,  although  it  is  not  poisonous  if  taken  internally 
in  small  amount.  It  is  sometimes  prescribed  in  medicine  for 
internal  use  (dose  0.3  to  i  g.). 

Boric  acid  is  readily  decomposed  by  heat  into  water  and 
metaboric  acid,  HBO,,  tetraboric  acid,  H2B4O7,  and  finally 
boron  trioxide,  B2O3 : 

H3B03->HBOa+H.O, 
4HBOa->HaBA+H.O, 

HaB407->2Ba03+HaO  . 

The  first  two  reactions  take  place  at  rather  low  temperatures, 
the  last  at  a  red  heat.  These  reactions  are  analogous  to  those 
by  which  pyrophosphoric  and  metaphosphoric  acids  are  formed 
from  orthophosphoric  acid  (590). 

The  ordinary  salts  of  boric  acid  are  those  derived  from  meta- 
boric, or  more  commonly  tetraboric,  acid.  Borax,  sodium  tetra- 
borate, Na2B407'ioHaO,  forms  colorless,  glassy  crystals.  Boric 
acid  is  easily  made  from  a  solution  of  borax  by  adding  hydro- 
chloric or  sulfuric  acid  to  a  hot  solution.  On  cooling,  crystals  of 
boric  acid  separate  out: 

NaaB407+2HCl-f  sHaO»2NaCl+4H3B03 . 

803.  Borax. — Borax,  or  sodium  tetraborate,  Na2B407-ioHaO, 
is  the  only  salt  of  boric  acid  of  commercial  importance.  It  is 
easily  soluble  in  water,  and  its  solution  is  alkaline  by  reason  of 
hydrolysis  (436).  Borax  is  used  extensively  in  the  laundry  for 
softening  hard  water  (156).    Hardness  of  water  is  due  to  the 
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presence  of  the  bicarbonates  and  sulphates  of  calcium  princi- 
pally and  magnesium  to  a  smaller  extent.  The  bicarbonates 
cause  temporary  hardness,  so  called  because  they  are  decomposed 
and  the  carbonates  precipitated  when  the  water  is  boiled. 
The  two  sulphates  cause  what  is  called  permanent  hardness. 
Borax  softens  water  by  precipitating  all  the  calcium  and  most  of 
the  magnesium  present  in  hard  water,  as  illustrated  for  the 
calcium  salts  by  the  following  equations: 

Na,B,0,+Ca(HCOJ,-f-5H.O^Na.CO,+CaCOj+4H,BOj 

CaSO,+Na,C03^CaCOj+Na.S04.  (448) 

Upon  being  heated  borax  partially  melts  and  at  the  same 

tne  gives  o5  its  water  of  hydration  and  in  so  doing  swells  to  a 

tongy,  viscous  mass   (intumesces) ;    this  finally  melts  cora- 

btely  when  all  the  water  has  been  driven  off,  and  it  then 

lembles  melted  glass.    The  cold  product,  which  is  anhydrous 

tiorax,  NajBiO,,  is  a  clear,  colorless,  brittle  solid  called  borax 

glass.     Beads  made  of  borax  glass  are  used  in  the  same  way  as 

metaphosphate   beads   (596),   which   they   closely  resemble  in 


TABLE  XLII 
CoLOKS  or  BoKAX  Beads 

Elcneiit 

MdUnlFUn.. 

B«dudii(  F1*>n< 

ConneT 

Blue 
Green 

Yellow 
Brown 
Blue 

Amethyst 

Red  particles  ol  metal 

Light  green 

Gray  particles  of  metal 

Blue 

Colorle&s 

Iron 

Nickel 

Cobalt 

arance.    Various  metallic  oxides  readily  dissolve  in  fused 

borax  glass,  and  in  many  cases  the  beads  have  colors  char* 

acteristic  of  the  added  metaUic  element.     If   the  element  is 

dily  oxidized  or  reduced  the  color  of  the  bead  will  depend  on 

r  it  has  been  heated  in  an  oxidizing  or  a  reducing  flame 

(83).    Table  XLII  shows  the  colors  of  borax  beads  of  several 

ments. 
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In  explanation  of  the  action  of  melted  borax  on  oxides  it 
may  be  supposed  that  reactions  of  the  type  illustrated  by  the 
following  equation  occur: 

NaaBA+CuO-^aNaBOa+CuCBOOa . 

Elements  which  give  differently  colored  beads  in  the  oxidizing 
and  reducing  flames  do  so  because  they  undergo  oxidation  and 
reduction.  Thus  the  yellow  iron  bead  obtained  in  the  oxidizing 
flame  contains  ferric  metaborate,  while  the  green  one  from  the 
reducing  flame  contains  a  ferrous  salt.  The  borates  of  copper 
and  nickel  are  reduced  to  the  corresponding  metals  in  the 
reducing  flame.  It  may  be  added  that  boron  trioxide  also  forms 
a  glass  after  being  fused,  and  that  it  also  readily  unites  with 
metallic  oxides  at  high  temperatures  to  form  borates.  Some 
useful  optical  glasses  contain  borates  as  essential  ingredients. 
Borates  are  also  used  in  making  some  kinds  of  enamels  and 
glazes.  In  the  welding  of  iron  a  little  borax  sprinkled  on  the 
hot  metal  dissolves  the  iron  oxide  always  present  and  thus  gives 
a  clean  surface  for  the  weld. 

804.  Silicon. — The  element  silicon  is  the  second  most  abun- 
dant of  the  components  of  the  earth's  crust.  It  is  estimated 
that  about  50  per  cent  of  the  known  part  of  the  earth  is  oxygen 
and  25  per  cent  is  silicon.  This  is  not  surprising  when  we  realize 
that  common  quartz  sand  is  essentially  silicon  dioxidCi  SiOa,  and 
that  numerous  minerals  composing  the  bulk  of  the  earth  are 
compounds  of  silicon.  Among  such  minerals,  besides  quartz, 
we  may  mention  clayi  granitei  agatCi  and  opal  as  being  well 
known.  The  element  silicon  does  not  occur  free  in  nature, 
although  it  can  be  made  by  reduction  of  the  oxide  with  carbon 
at  the  high  temperature  of  the  electric-arc  furnace: 

SiOa+2C->Si+2CO. 

Free  silicon  made  in  this  way  is  only  90  to  98  per  cent  pure.  It 
is  a  semimetallic  solid  somewhat  resembling  cast-iron  in  appear- 
ance and  having  a  density  of  2.35  and  a  melting-point  of  about 
1400°.  It  conducts  electricity  fairly  well.  It  is  not  attacked 
by  any  of  the  common  adds,  with  the  exception  of  hydrofluoric, 
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^^rith  which  it  reacts  to  form  silicon  tetrafluoiide,  SiFj  (270). 
Metallic  silicon,  as  it  is  called  by  technical  men,  is  too  brittle 
to  be  of  much  importance  for  the  manufacture  of  vessels  or 
machines;  but  an  alloy  with  iron  containing  about  14  per  cent 
of  silicon  finds  important  use  in  chemical  industry  for  the  con- 
struction of  vessels,  pumps,  etc.,  for  the  handling  of  strongly 
acid  solutions.  These  alloys,  known  under  the  trade  names  of 
Duriron,  Tantiion,  etc.,  are  extremely  resistant  to  the  action 
of  acids,  Ferro-silicon  is  an  alloy  of  iron  and  silicon  containing 
50  to  75  per  cent  of  the  latter  and  is  used  in  making  other  silicon 
iron  alloys  containing  less  silicon. 

805.  Compounds  of  Silicon  with  Hydrogen  Carbon  and 
Chlorine. — Silicon  forms  a  great  many  compounds  with  hydro- 
gen, carbon,  and  chlorine,  of  much  theoretical  but  httle  practical 
importance.  Many  of  these  compounds  are  analogous  to  certain 
compounds  of  carbon.  Thus  we  have  silico-methane,  SiHj,  a 
combustible  gas,  and  silico-ethane,  Si,H6,  a  spontaneously  com- 
bustible liquid,  corresponding  to  methane  and  ethane  (643) 
respectively,  Silicon  tetrachloride,  SiClj,  is  a  colorless  liquid 
formed  by  the  union  of  silicon  and  chlorine  and  also  by  tlie  action 

^[  chlorine  on  a  red-hot  mixture  of  sihca  and  carbon  (charcoal) : 
I  S!0.-|-2C-|-2Ch-^SiCl,-H2CO . 

ilicon  tetrachloride  boils  at  58°  and  resembles  in  many  respects 
carbon  tetrachloride,  CCl^  (644),  of  boiling-point  76°.  Unlike 
the  latter,  the  former  reacts  readily  with  water.     Silicic  acid, 

KJiOj,  and  HCl  are  formed: 
SiCl.+3H,O^H,SiOj-l-4HCl . 
e  formation  and  properties  of  silicon  tetrafluoride,  SiF,,  and 
of  hydrofluosilicic  acid  and  its  salts  have  already  been  discussed 
{270-272). 

By  the  action  of  HCl  gas  on  heated  silicon,  siUco-chloroform, 
SiHClj,  is  obtained  as  a  iow-boiling  colorless  liquid.  This  is  the 
analogue  of  chloroform,  CHCI3  (644),  but  unlike  the  latter  it  is 
readily  decomposed  by  water.  Silicon  tetrachloride  vapor 
reacts  with  healed  silicon  as  follows; 
^^  ^SiCl^-l-Si^aSisCU . 
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The  product,  silicon  hezachloride,  is  a  liquid  boiling  at  148^, 
analogous  to  carbon  hexachloride,  CaCU,  boiling  at  187°.  There 
is  little  doubt  that  the  structure  of  these  substances  is  that 
represented  by  the  following  formulae: 

CI   CI  CI    CI 


CI— C— C— CI        CI— Si— Si— CI 
CI  CI  CI   CI 

Much  more  complicated  silicon  compounds  are  known,  in 
some  of  which  long  chains  (664)  of  silicon  atoms  occur.  The 
resemblance  between  compounds  of  silicon  and  carbon  extends 
to  a  great  variety  of  compounds.  By  way  of  further  illustration 
the  following  pairs  of  formulae  of  related  substances  are  shown: 


CH, 

CH, 

H,C— C— CH, 

H,C-  Si— CH, 

CH, 

CH, 

Tetramethyl-Methane 

Tetramethyl-Silico-Methane 

OCOH 

OSiOH 

OCOH 

OSiOH 

Oxalic  Add  (665) 

SiUco-Oxalin  Add 

OCOH 

OSiOH 

1 

HOCOH 

HOSiOH 

OCOH 

OSiOH 

Mesoxalic  Add 

Silico-Mesoxalic  Add 

806.  Silica  or  Silicon  DioxidCi  SiO,. — Silica  is  one  of  the 
most  abundant  of  all  minerals.  It  occurs  in  many  forms  both 
crystalline  and  amorphous.  In  a  pure  state  it  forms  colorless, 
transparent,  hexagonal  crystals  called  quartz  or  rock  crystal. 
Amethyst  is  a  variety  of  quartz  colored  by  manganese.  The 
commonest  kinds  of  sand  are  usually  largely  or  wholly  quartz. 
Sandstone  is  essentially  quartz,   red  varieties  being  colored 


B^' 
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Ith  ferric  oxide.  A  massive  form  of  silica  is  called  quartzite. 
Amorphous  (581)  varieties  constitute  agate  and  onyx.  Flint 
and  opal  are  hydrated  varieties  of  silica. 

The  various  forms  of  silica  are  extremely  resistant  to  chemi- 
nd  physical  changes  by  reason  of  the  great  hardness,  high 

Ung-point,  and  chemical  inertness  of  this  substance.  These 
properties,  together  with  the  abundance  and  cheapness  of  various 
forms  of  silica,  cause  them  to  be  used  in  enormous  amounts  for 
a  great  variety  of  purposes.  As  an  abrasive  silica  finds  use  in 
grindstones,  whetstones,  sandpaper,  and  polishing  material,  the 
latter  containing  silica  powder,  tripoli,  or  infusorial  earth  (732). 
iortar  and  concrete  always  contain  quartz  sand.     Fire  bricks  for 

lace  linings  are  often  made  of  silica.     Various  kinds  of  glass, 

uding  that  made  from  pure  quartz,  will  be  considered  later 

!)■ 

807.  Silicic  Acid  and  Silicates. — Silica  reacts  with  sodium 

lonate  (soda  ash)  at  a  red  heat  to  form  a  viscous  fluid  con- 
ssting  of  sodium  silicate,  Na,SiOj.  During  the  fusion  carbon 
dioxide  is  evolved; 


I- 


SiO.+NaX03-*Na,SiOj-f  CO, . 


cooling,  sodium  silicate  solidifies  to  a  glassy  solid  easily 
soluble  in  water.  By  adding  hydrochloric  acid  to  a  solution  of 
sodium  silicate  we  get  silicic  acid,  which  under  certain  conditions 
appears  as  a  gelatinous  precipitate  (a  gel,  761).  The  com- 
position of  this  silicic  acid  is  approximately  represented  by  the 
formula  H^SiOj.     Its  formation  may  be  represented  thus; 

Na,SiOj+H,0+3HCI-»-H,SiO,+3NaCl . 


I 


dc  add  is  an  extremely  weak  acid,  but  it  will  dissolve  in 
sodium  hydroxide  solution  to  form  a  solution  of  sodium  silicate. 
The  solution  is  strongly  alkaline  by  reason  of  hydrolysis. 

SUidc  add  gel  gradually  loses  water  when  heated,  and  in 
t  doing  it  doubtless  gives  a  series  of  derived  adds  and  finally 
lo  this  res[)ect  it  resembles  phosphoric  fspo)  and  boric 
I  (803).    Theoretically  we  have  the  following  possibilities 
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as  one  or  two  molecules  of  H4Si04  lose  water.     (In  the  following 
expressions  the  water  lost  is  omitted  for  the  sake  of  brevity.) 

H4Si04->HaSi03->SiOa 
2H4Si04->H6SiA->H4Sia06->HaSiA->2SiOa . 

Still  more  complex  acids  would  result  from  the  dehydration 
of  three  or  more  molecules  of  silicic  acid.  Although  none  of 
these  acids  has  been  made  in  pure  form,  salts  of  several  of  them 
are  found  as  minerals.  Silicon  dioxide  is  of  course  the  anhydride 
(313)  of  all  the  possible  derivatives  of  silidc  acid,  and  the  formulae 
of  all  the  latter  may  be  written  in  the  general  form  (HaO)»(Si03)«, 
where  n  and  m  are  integers.  The  formulae  of  the  salts  may  also 
be  written  similarly,  as  illustrated  in  Table  XLIII,  which  shows 
the  composition  of  several  minerals  and  the  acids  from  which 
they  are  derived. 

TABLE  XLni 


H4Si04. 
HaSiO,. 
H4Si04. 
HaSiO,. 
H^SijOi 


ZnaSi04 
CaSiO, 

2H,KAl,(Si04)3 

HaMg,(Si03)4 

2KAlSi,0i 


2ZnO-SiOa 
CaO-SiOa 

KaO-3Ala03-6SiOa-2H,0 

3MgO-4SiOa-H,0 
KaO-AlaO,-6SiO, 


Willemite 

WoUastonite 

Mica 

Talc 

Orthoclase 


808.  Glass. — ^There  are  a  great  many  kinds  of  glass,  nearly 
all  of  which  are  silicates,  although  borates  are  also  common 
ingredients.  The  basic  constituent  elements  include  sodium 
potassium,  caldiun,  aluminum,  zinc,  lead,  and  other  metals  less 
commonly  used.  Water  glass  having  approximately  the  com- 
position Na2Si409  is  made  by  dissolving  infusorial  earth  (732)  in 
hot  sodium  hydroxide  solution.  It  comes  on  the  market  as  a 
heavy  syrup  which  gives  on  evaporation  a  glasslike  solid  easily 
soluble  in  water.  It  is  used  as  a  component  of  laundry  soaps, 
as  a  cement,  as  an  oil-proof  glaze  for  lard  barrels,  and  for  a 
niunber  of  other  purposes. 

Glass  made  from  the  silicates  of  sodium  and  calcium  is  used 
for  window  panes,  bottles,  etc.  The  ordinary  soft  glass  tubing 
of  the  laboratory  is  also  made  of  this  kind  of  glass.  Hard  glass, 
which  contains  potassiiun  in  place  of  the  sodiiun  in  soft  glass, 
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^bses  at  a  higher  temperature  than  the  latter.    Flint  glass,  a 
potassium-lead  silicate,  has  a  high  index  of  refraction  and  on 
this  account  possesses  great  brilliancy.    It  is  used  for  cut-glass 
ware  and  lenses. 

Glassware  for  chemical  use,  beakers,  flasks,  etc.,  should 
possess    several    special    properties.     It    must    be    practically 
insoluble  in  water,  acids,  and  alkahes,  must  not  crack  when 
heated,  and  must  be  thick  enough  to  withstand  ordinary  handling 
without  breaking.     The  cracking  of  glass  when  heated  is  the 
result  of  rapid  local  expansion.     The  thinner  the  glass  the  less 
liable  it  is  to  crack  when  heated;   but  if  ordinary  glass  is  made 
thin  enough  to  withstand  heating  in  the  usual  way  it  is  very 
fragile.     Before  the  war  nearly  all  chemical  glassware  came  from 
Germany  and  Bohemia.     There  were  two  principal  kinds,  typi- 
cally represented  by  Kavalier  glass  and  Jena  glass,  the  latter 
being  much  better  in  quality  than  the  former.     The  composition 
of  each  of  these  is  shown  in  Table  XLIV. 

^k                                               TABLE  XLtV 

^H           Pebceniage  Composition  of  Glass  ?oh  Laboeatoby  Ware' 

ZtviSkt 

Joa. 

Pycot 

^H 

^sih 

o-u 

4.  JO 
0  IS 
10.90 
0  63 

0  37 
7.  SO 
64  70 
10-90 
0,14 

0  25 

0.29 
0.06 

80.  JO 
0,70 

:^        1 

8.70 
7  9° 

7,10 
75  90 

3 
67 

6 

1     1 

■Walks  k  Smith,  D.S.BnmuaESUndHdi.adlitiiiioT.igiS.                                                              ^H 

During  the  war  several  American  manufacturers  succeeded           ^H 

ID  producing  hrst-class  chemical  glass.     The  composition  of  two           ^H 

sorts,  Pyrex  and  Nonsol.  is  shown  in  Table  XLIV.    Pyrex  glass          ^M 

■.has  so  small  a  coetHcient  of  expansion  that  beakers  and  Hasks           ^M 

Hiqm  be  made  with  thick  walls  and  still  be  far  less  hable  to  crack          ^M 

^raAh  change  of  temperature  than  the  best  German  glass.    Several          ^H 
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other  sorts  of  American  chemical  glass  are  also  of  excellent 
quality,  so  that  today  we  have  better  domestic  ware  than  was 
heretofore  imported. 

Quartz  glass  is  made  from  pure  silicon  dioxide  (806)  melted 
in  an  electric  furnace.  This  glass  resembles  ordinary  glass  in 
appearance  but  differs  from  the  latter  in  having  an  extremely 
high  melting-point  and  an  extremely  small  coefficient  of  expan- 
sion. White-hot  quartz  will  not  crack  when  plunged  into  water. 
This  glass  finds  important  uses  in  both  scientific  and  technical 
chemistry. 

809.  Tin  and  Its  Compounds. — The  metal  tin  (Sn=  119)  was 
known  from  very  early  times,  its  Latin  name  being  stannum. 
It  is  widely  used  in  making  a  number  of  alloys,  such  as  bronze 
and  bell  metal  (tin  and  copper),  solder  (tin  and  lead),  and  tin 
amalgam  (tin  and  mercury  used  in  making  mirror  backs) .  Sheet 
iron  coated  with  tin  and  known  as  tin  plate  is  made  in  inmiense 
quantities  for  the  manufacture  of  common  tinware.  Tin  in  the 
form  of  thin  sheets  is  tin  foil,  but  the  common  grade  of  this 
article  is  usually  largely  lead. 

Tin  is  a  rather  soft  metal  of  low  melting-point,  232°.  It  is 
permanent  in  air  and  in  water,  and,  as  shown  by  its  position  in 
the  displacement  series  (Table  XIX,  492),  it  is  a  rather  inactive 
element.  It  dissolves  somewhat  slowly  in  hydrochloric  acid, 
forming  stannous  chloride,  SnCU, 

Sn-f2HCl->SnCla+Ha. 

The  hydrate  SnCl,  •  2H2O,  easily  soluble  in  water,  is  known  in 
commerce  as  tin  salt  and  is  used  in  dyeing.  It  is  frequently  used 
in  the  laboratory  as  a  reducing  agent.  Stannous  sulfate,  SnS04, 
and  nitrate,  Sn(N03)a,  can  also  be  made.  The  action  of  chlorine 
gas  on  melted  tin  gives  stannic  chloride,  SnCl4, 

Sn+2Cla->SnCl4 . 

The  product  is  a  colorless  liquid  boiling  at  114°,  which  forms 
with  water  the  crystalline  hydrates  SnCl4  •  sHjO  and  SnCl4  •  SHaO. 
These  salts  are  also  used  as  mordants  in  dyeing,  a  mordant  being 
a  substance  which  by  combining  with  the  fiber  fixes  the  dye  upon 
the  latter.    Numerous  other  stannic  salts  are  known. 
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Thus  it  will  be  seen  that  tin  forms  two  series  of  salts:  the 

stannous,  in  which  the  metal  is  bivalent,  and  the  stannic,  in 

which  it  is  quadrivalent.     Stannous  salts  form  stannous  ions, 

Sn"*""*",  which  by  oxidation  give  stannic  ions,  Sn'"*".     The  latter 

by  reduction  give  the  former.    Stannous  solutions  are  strong 

ilucing  agents. 

Tin  forms  two  oxides,  stannous,  SnO,  and  stannic,  SnOj. 

e  corresponding  hydroxides  arc  precipitated  when  a  stannous 

I  stannic  solution  is  treated  with  the  equivalent  amount  of 

idium  hydroxide.     Each  precipitate  is  soluble  in  an  excess  of 

E  alkali,  thus  showing  that  the  hydroxides  of  tin  have  acidic 

"^  well  as  basic  properties.    Like  aluminum  hydroxide  they  are 

amphoteric  (177).    Stannous  hydroxide,  Sn(OH)„  yields  sodium 

stannite,  NajSnO,;  while  stannic  hydroxide,  also  called  stannic 

acid,  gives  sodium  stannate,  Na,SnOj.    A  solution  of  sodium 

stannite  is  a  very  powerful  reducing  agent,  since  it  is  readily 

oxidized  to  sodium  stannate.    An  isomer  (647)  of  stannic  acid, 

Jled  metastannic  acid,  is  formed  by  the  action  of  hot  nitric 

dd  on  tin.     This  is  a  white  solid,  insoluble  in  water  and  ni- 

c  acid,  and  differs  greatly  from  the  other  form.    Metastannic 

i  forms  complex  salts  such  as  NajSnsO„'4H,0.    Hydrogen 

Ifide  precipitates  brown  stannous  sulfide  from  solutions  of 

Yimous  chloride  and  yellow  stannic  sulfide  from  solutions  of 

stannic  chloride.     Both  precipitates  are  soluble  in  concentrated 

hydrochloric  add.    Stannic  sulfide  is  dissolved  by  ammonium 

sulfide,  owing  to  the  fcnnation  of  ammonium  sulfo-stannate. 

Stannous  sulfide  does  not  dissolve  appreciably  in  pure  ammonium 

sulfide  but  does  so  in  yellow  ammonium  sulfide  (607),  forming 

0  ammonium  sulfo-stannate: 


SnS,+(NH,),S  - 
SnS+(NH,},S,- 


-(>fH,),SnS, , 
■(NHJ,SnS,. 


Bio.  Arseoic. — In  its  chemistry  arsenic  (.^3=75)  is  much 

like  the  non-metallic  than  the  metallic  elements,     In 

my  of  its  compounds  it  bears  a  close  resemblance  to  phos- 

Arsenic  is  an  abundant  element,  occurring  as  a  mineral 

li  free  and  in  combination  with  oxygen  and  sulfur,  and  with 


526  IfUroduction  to  General  Chemistry 

iron,  copper,  and  many  other  metals.  The  trioxide  AsaOj, 
commonly  called  white  arsenic,  is  obtained  in  large  amounts  as 
a  by-product  of  the  smelting  of  ores  of  copper  and  some  other 
metals. 

The  free  element  is  easily  prepared  by  heating  the  trioxide 
with  carbon;  the  vapor  of  arsenic  so  formed  condenses  on  cooling 
to  nearly  black  crystals.  The  latter  are  semimetallic  in  appear- 
ance and,  like  metals,  conduct  electricity  well.  Arsenic  is  not 
oxidized  by  air  at  ordinary  temperatures  but  bums  when  strongly 
heated,  forming  the  trioxide.  When  heated  in  a  stream  of 
chlorine,  arsenic  forms  a  trichloridei  AsClj,  a  colorless  liquid 
boiling  at  130°.  This  hydrolyzes  almost  completely  when 
treated  with  much  water,  thus  showing  that  the  corresponding 
hydroxidei  AsCOH),,  is  a  very  weak  base. 

On  the  other  hand  the  hydroxide  and  also  the  trioxide  dis- 
solve readily  in  dilute  alkalies  to  form  salts  in  which  As(0H)3 
plays  the  part  of  an  acid,  called  arseAious  acid.  Two  series  of 
salts  are  known:  one  derived  from  H3ASO3,  the  other  from 
HAsOa.  Arsenious  acid,  like  phosphorous  acid,  H3PO3  (588), 
is  a  good  reducing  agent.  It  is  oxidized  by  halogens  or  nitric 
acid  to  form  arsenic  acidi  HjAsO^: 

H3As03+HaO+Cla->H3As04+2HCl . 

Arsenic  add,  which  is  derived  from  the  pentoxide  AsaOj,  is  a 
very  soluble,  moderately  strong  acid  closely  resembling  phos- 
phoric acid  (590).  Like  the  latter,  it  loses  water  when  heated, 
giving  first  pyroarsenic  acid,  H4Asa07,  and  then  metarsenic  acid, 
HASO3.  Arsenic  acid  resembles  phosphoric  acid  in  giving  with 
anmionium  molybdate  solution  a  yellow  precipitate  of  am- 
monium arseno-molybdate,  insoluble  in  nitric  acid  (597) . 

The  numerous  salts  of  arsenic  acid  closely  resemble  the 
corresponding  salts  of  phosphoric  acid.  In  fact  Mitscher- 
lich  in  the  year  1819  discovered  that  corresponding  salts,  e.g., 
HaKP04  and  HaKAs04,  were  identical  in  crystalline  form.  Such 
compounds  were  said  to  be  isomorphous.  Later  Mitscherlich 
declared  that  if  two  substances  are  isomorphous  they  must  have 
the  same  numbers  of  atoms  similarly  arranged  in  the  molecule. 
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This  principle  enabled  him  to  discover  the  correct  formulae  of 
many  compounds  of  little-known  elements  at  a  time  when  much 
uncertainly  prevailed  regarding  valence  and  atomic  weights. 

The  action  of  hydrogen  sulfide  on  a  solution  of  arsenious 
acid  acidified  with  HCl  gives  a  precipitate  of  yellow  arsenic 
trisulfide,  AsjSj  {608).  Acidified  solutions  of  arsenic  acid  or 
its  salts  give  under  similar  conditions  arsenic  pentasulfide, 
ASiSj,  along  with  some  trisulfide  and  sulfur,  according  to  experi- 
mental conditions,  .  These  sulfides  are  insoluble  in  water  and 
hydrochloric  acid  but  are  easily  soluble  in  concentrated  nitric 
acid,  which  changes  the  substances  into  sulfuric  and  arsenic 

F'ds.  The  sulfides  also  dissolve  in  ammonium  sulfide  to  form 
uble  sulfarsenite,  (NHJjAsSj,  and  sulfarsenate,  (NHJjAsS,. 
Arsenic  and  hydrogen  form  a  gaseous  compound  called 
axsine,  AsHj.  This  is  produced  along  with  hydrogen  when  any 
soluble  arsenic  compound  is  added  to  a  mixture  of  zinc  and 
hydrochloric  acid.  /(  is  an  extremely  poisonous  gas  and  mast 
be  handled  with  great  caution.  Arsine  is  readily  decomposed 
into  its  elements  by  heat,  so  that  if  it  is  passed  through  a  glass 
tube  heated  locally  a  dark  mirror-like  deposit  of  arsenic  is 
led  in  the  tube.  Marsh's  test  for  arsenic  is  based  on  these 
rtions. 

Most  arsenic  compounds  are  poisonous;  one-fifth  of  a  gram 
of  the  trioxide  usually  proves  fatal.  A  good  antidote  consbts 
of  freshly  prepared  ferric  hydroxide,  which  combines  readily 
with  arsenious  acid  to  form  an  insoluble  and  therefore  little- 
poisonous  compound. 

811.  Antimony.— Antimony  (Sb=  120)  is  classed  as  a  metallic 
element  because  of  the  decidedly  metallic  properties  of  the  free 
element  and  its  ability  to  form  salts  with  acids  such  as  sul- 
furic and  nitric.  Nevertheless  its  hydroxides  are  also  acidic 
and  give  rise  to  salts  with  bases,  just  as  do  the  hydroxides  of 
arsenic.  Antimony  is  a  widely  distributed  and  rather  common 
element  occurring  usually  in  combination  with  oxj-gen,  sulfur, 
or  metallic  elements.  China  is  the  largest  single  source  of  the 
element.  The  metal  forms  brittle,  silver-white  crjstals,  melting 
630°.     It  forms  useful  alloys  with  many  other  metals,     Tj^pe 
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metaly  an  alloy  with  lead  and  bismuth,  expands  at  the  moment 
of  solidifying  in  the  mold  and  thus  produces  type  with  sharp, 
clear-cut  edges.  Britanniai  made  from  tin,  antimony,  and  copper, 
is  used  as  a  cheap  substitute  for  silver  plate.  Babbitt  metal, 
used  for  antifriction  bearings,  consists  of  antimony  and  tin  with 
some  lead  and  copper. 

Antimony  unites  readily  with  chlorine  to  form  the  trichloride 
SbCl,,  white  crystals  melting  at  73°  and  boiling  at  223°.  The 
chloride  is  to  be  considered  the  salt  of  the  weak  base  Sb(0H)3; 
it  is  soluble  in  aqueous  hydrochloric  acid  but  is  hydrolyzed  by 
pure  water.  With  a  small  proportion  of  water  a  white  precipitate 
of  sparingly  soluble  antimony  oxychloridey  SbOCl,  is  formed, 

SbCl3+H,(»SbOCl+2HCl . 

This  reaction  is  reversible,  SbOCl  dissolving  readily  in  concen- 
trated HCl.  The  univalent  radical  SbO  present  in  several  salts 
is  called  antimonyl;  therefore  SbOCl  is  also  called  antimonyl 
chloride. 

Antimony  nitratCi  Sb(N03)3,  and  antimony  sulfate,  Sb2(S04)3, 
are  typical  salts  as  far  as  their  composition  is  concerned,  but  they 
are  more  or  less  completely  hydrolyzed  by  water,  depending 
on  the  proportion  and  temperature  of  the  latter.  The  double 
salts  potassium  antimonyl  tartrate,  K(SbO)C4H406  (see  665), 
and  sodium  antimony  fluoride,  NaSbF4,  are  easily  soluble  salts 
which  are  not  hydrolytically  decomposed  by  water.  Both  of 
these  salts  are  important  mordants  (809) ,  and  the  former,  com- 
monly known  as  tartar  emetic,  is  also  used  in  medicine.  In 
both  cases  stable  complex  ions  (538)  are  formed;  these  are 
(SbO)C4H406"  and  SbF4"  respectively. 

Antimony  forms  three  oxides:  Sb203,  Sb204,  and  SbaOs- 
The  first  and  second  can  be  made  by  direct  union  of  antimony 
with  oxygen,  the  second  being  the  one  stable  in  air  at  a  red  heat. 
The  third,  made  indirectly,  loses  oxygen  when  strongly  heated, 
giving  Sba04.  The  trioxide  corresponds  to  a  hydroxide,  Sb(0H)3, 
or  H3Sb03,  which  by  reason  of  its  faintly  acidic  nature  is  known 
as  antimonous  acid.  The  latter  unites  with  bases  to  form  salts 
such  as  Na3Sb03  and  NaSbOa  *  3HaO.    Antimony  pentoxide  is 
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^Be  anhydride  of  antimonic  acid,  HjSbO^,  a  white  powder  spar- 
Btlgty  soluble  in  water.  This  weak  acid  loses  water  when  heated, 
Hiving  in  turn  p3rroantimomc  acid,  HjSUO;,  metantimonic  acid, 
^BSbOj,  and  finally  Sb^Oj.  Potassium  hydrogen  pyroantimonate, 
B^HiSbjO,,  is  one  of  the  best-known  salts  of  these  acids.  Its 
Bblution  gives  with  sodium  salts  a  precipitate  of  sodium  hydrogen 
■yroanamonate,  Na,H,Sb,0,  ■  6H,0. 

V     Acid  solutions  of  antimony  salts  give  with  hydrogen  sulfide 

Bbrick-red  precipitates  of  antimony  trisuifide, 'SbjSj,  or  penta- 

sulfide,  SbjSs.    These  sulfides  are  almost  insoluble  in  water  and 

cold  dilute  acids  but  dissolve  easily  in  potassium  hydroxide  by 

Kfeason  of  reactions  like  the  following: 

■  3SbA+4KOH^5KSbS,+KSbO,+2H,0 . 

^'he  soluble  salt  KSbS,  is  called  potassium  sulfantimonite. 

Antimony  trisulfide  also  dbsolves  in  yellow  ammonium 
sulfide  to  form  soluble  ammonium  sulfantimonate,  {NHj)jSbS4. 

Antimony  forms  a  gaseous  hydride,  SbH,,  called  stibine. 
This  gas  resembles  arsine  closely  and  is  also  decomposed  by 
heat,  with  the  formation  of  a  black  deposit  of  free  antimony. 

812.  Bismuth. — Bismuth  (81=208)  is  strictly  metallic  in 
properties,  in  distinction  from  arsenic,  which  is  non-metallic, 
and  antimony,  which  stands  midway  between  the  two  in  this 
respect.  In  its  ordinary  compounds  bismuth  is  trivalent,  but 
products  probably  pentavalent  also  exist,  The  element  is  much 
scarcer  than  either  arsenic  or  antimony  and  commands  a  much 
higher  price.  It  occurs  free  (native)  and  as  oxide  or  sulfide, 
often  admixed  with  ores  of  copper  or  lead.  Bolivia  is  the 
chief  source  of  bismuth.  A  considerable  amount  of  it  is  obtained 
in  the  United  States  as  a  by-product  in  the  electrolytic  refining 
of  lead.  The  metal  forms  rather  hard,  brittle  cr\-stals,  silver- 
white  of  a  reddish  tint.  The  melting-point  is  269°.  The  metal 
is  used  in  the  making  of  easily  fusible  alloys.  Thus  Rose's  metal, 
consisting  of  tin  i,  lead  1,  and  bismuth  2  parts,  melts  at  94°; 
Wood's  metal,  tin  i,  lead  2,  bismuth  4,  and  cadmium  i,  melts 
at  61 ".    Fusible  alloys  are  used  for  fire-sprinkler  nozzles,  electric 
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Bismuth  forms  with  acids  salts  in  which  this  element  acts 
as  a  trivalent  positive  ion.  Bismuth  trichloridei  BiClj,  meltint 
at  2 27°  and  boiling  at  428°,  is  made  by  the  direct  imion  of  chlorine 
with  the  metal,  or  by  the  action  of  aqua  regia  (562)  on  the  lat- 
ter. The  salt  is  soluble  in  water,  but  when  diluted  the  salg 
hydrolyzes  and  forms  a  white  precipitate  of  bismuth  ozychloride, 
BiOCl  (bismuthyl  chloride  or  basic  bismuth  chloride).  Bismuth 
nitrate,  Bi(N03)3,  results  from  the  action  of  nitric  add  on  the 
metal.  It  is  soluble  in  water  or  dilute  nitric  acid  but  is  hydro- 
lyzed  by  much  water,  forming  the  basic  nitrate  BiONO^  (also 
called  bismuth  subnitrate).  This  product  is  a  nearly  insoluble 
white  powder  used  both  internally  and  externally  in  medicine. 
Quite  large  doses  are  easily  tolerated.  Bismuth  sulfidCi  BiaSj, 
is  formed  as  a  brown  precipitate  when  acid  solutions  of  bismuth 
salts  are  treated  with  hydrogen  sulfide.  Sodium  hydroxide  or 
ammonia  precipitates  white  bismuth  hydroxide,  Bi(0H)5,  from 
a  bismuth  salt  solution.    Bismuth  does  not  form  a  hydride. 

813.  Molybdenum. — Molybdenimi  (Mo =96)  is  found  in 
nature  chiefly  as  molybdenite,  MoSa,  a  mineral  closely  resembling 
graphite  (630)  in  appearance.  When  the  sulfide  is  heated  in 
air  (roasted)  it  is  oxidized  to  the  trioxide  M0O3.  The  latter 
heated  with  hydrogen  or  carbon  gives  the  metallic  element. 
Molybdenum  is  a  hard  but  malleable  metal  of  very  high  melting- 
point  (over  2400°) .  It  is  not  oxidized  by  air  at  ordinary  tempera- 
tures. The  pure  metal  is  not  conmiercially  important,  but  an 
alloy  with  iron,  ferro-molybdenumi  is  made  on  a  rather  large 
scale.  This  alloy  finds  use  in  the  making  of  certain  kinds  of  high- 
grade  tool  steel. 

The  trioxide  M0O3  is  the  most  important  of  the  several 
oxides.  It  is  the  anhydride  of  molybdic  acid,  HaMo04  •  H,0, 
which  consists  of  yellow  crystals  difficultly  soluble  in  water.  The 
hydrate  loses  water  when  heated  gently,  giving  white  HaMo04, 
Sodium  molybdate,  NaaMo04  •  10H3O,  resembles  Glauber's  salt. 
Na2S04  •  loHaO,  in  appearance.  Molybdic  add  resembles  silidc 
add  in  forming  salts  of  complex  formulae  (807).  Thus  for 
example  a  sodium  salt,  Na6Mo7034  *  22HaO,  and  an  anunonium 
salt,    (NH4)6Mo7034*4H30,  are   known.    The   latter  salt  dis- 
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Elolved  in  an  excess  of  nitric  acid  gives  the  so-called  ammonium 
^kolybdate  solution,  extensively  used  in  the  detection  and  quanti- 
Pbtive  analysis  of  phosphates  (597).  With  this  reagent  a  nitric 
add  solution  of  a  phosphate  or  phosphoric  acid  gives  quantita- 
tively a  yellow  precipitate  of  ammonium  phospho-molybdate, 
(NHjjPO,-iiMoOj-6H,0.  Arsenic  acid  solutions  give  the 
corresponding  arsenic  compound  under  similar  conditions  (810). 
814.  Tungsten, — The  element  tungsten  (W=i84)  is  of  con- 
siderable practical  importance.  In  the  United  "States  it  is  found 
chiefly  in  Colorado.  Its  principal  ore  is  Wolframite,  a  tungstate 
of  iron  and  manganese.  The  separate  tungstatcs  FeWO,  and 
MnWOj  also  occur  as  minerals.  Metallic  tungsten  is  made  in 
■very  pure  form  by  the  reduction  of  its  oxide,  WOj,  by  hydrogen 
[lit  a  high  temperature.  By  reason  of  the  extremely  high 
melting-point  of  the  metal  the  product  is  obtained  as  a  powder. 
To  get  this  into  compact  malleable  and  ductile  form  the  powder 
is  made  into  bars  by  powerful  compression;  these  are  then  again 
heated  electrically  and  the  granules  caused  to  melt  together. 
Pure  metallic  tungsten,  first  made  by  Cooledge  in  1911,  is  a 
hard,  silver-white,  and  very  ductile  metal.  Its  most  important 
use  is  for  the  manufacture  of  the  filaments  of  incandescent 
electric  lamps.  Its  great  value  for  this  purpose  depends  on  the 
fact  that  its  melting-point,  3267°,  is  higher  than  that  of  any  other 
metal.  It  may  be  added  that  the  efficiency  of  an  electric  lamp 
(raUo  of  light  energy  to  electrical  energy)  increases  greatly  with 
the  temperature  to  which  the  filament  can  be  heated. 

Ferro-tUDgsten  {70  per  cent  W,  30  per  cent  Fe),  made  on  a 
large  scale  by  an  electric-furnace  process,  is  used  in  the  manu- 
facture of  special  steels.  Tungsten  forms  two  oxides,  WO,  and 
W0„  the  latter  being  far  more  important.  The  trioxide  is  the 
anhydride  of  tungstic  acid,  H,W04,  a  yellow  powder  insoluble  in 
water.  This  acid  forms  simple  tungstates  such  as  Na,WO,  ■  2H,0, 
K,W04,  CaWO,,  PbWO.,  and  tlie  tungstates  of  iron  and  man- 
ganese already  mentioned.  Calcium  tungstate,  CaWO^,  gives 
a  fluorescent  light  with  X-rays  and  finds  important  use  for  the 
manufacture  of  fiuoroscopic  screens.  Sodium  tungstate  is  used 
tg  render  cotton  cloth  slow-burning  ("fireproof"). 


532  Inlroduciioft  to  General  Chemistry 

815.  Selenium  and  Tellurium. — ^The  elements  selenium 
(Se=79)  and  tellurium  (Te=i27.5)  are  more  closely  related  to 
sulfur  than  to  any  others.  The  first,  selenium,  is  essentially 
non-metallic  in  its  behavior.  The  second,  tellurium,  in  free 
form  is  a  silver- white  crystalline  metal  which,  in  addition  to 
forming  some  salts  in  which  it  is  the  basic  ion,  also  forms  two 
well-characterized  acids.  These  elements  are  not  very  conmion- 
Practically  they  are  obtained  as  by-products  in  the  refining  of  cop- 
per. No  important  use  has  been  found  for  tellurium.  Selenium 
has  two  uses,  one  in  the  manufacture  of  red  glass,  the  other  in  the 
construction  of  light-sensitive  electrical  apparatus.  The  electri- 
cal conductivity  of  selenium  varies  greatly  with  the  intensity  of 
its  illumination,  so  that  by  ingenious  use  of  this  principle  pic- 
tures, etc.,  have  been  transmitted  long  distances  by  wire.  Lights 
on  beacons  and  buoys  may  be  turned  on  at  dark  by  the  use  of 
selenium  cells.  Selenium  and  tellurium  form  compoimds  analo- 
gous to  HaS  by  methods  similar  to  those  that  yield  the  latter  gas. 

Hydrogen  selenide,  H^Se,  is  an  ill-smelling  gas,  dangerously 

irritating  to  mucous  membranes  and  temporarily  paralyzing 

the  sense  of  smell.    Hydrogen  telluride,  H^Te,  is  a  similar  gas. 

Selenium  and  tellurium  both  burn  in  air  or  oxygen  when  ignited 

and  form  white  solid  dioxides,  SeO,  and  TeOa.    These  oxides 

both  unite  with  water  to  form  selenous  acid  and  tellurous  acid 

respectively: 

SeOa+Ha(>>HaSe03 , 

TeOa+Ha(>>HaTe03 . 

These  acids  are  the  analogues  of  sulfurous  acid,  HaS03  (611), 
but  are  more  stable  than  the  latter  in  that  both  are  white 
cnystalline  solids.  They  form  typical  salts  with  bases;  not 
only  normal  salts  like  KaSeOj  and  KaTeOj,  but  alsc^  acid  salts 
like  KHSeOa  and  KHTeOj. 

Unlike  sulfurous  acid,  these  acids  are  oxidizing  agents,  since 
they  are  reduced  to  selenium  and  tellurium  respectively  by 
reducing  agents,  as  illustrated  in  the  following  equation: 

HaSe03+2SOa+H2(>>Se+2HaS04  . 

On  the  other  hand,  powerful  oxidizing  agents  convert  selenous 
and  tellurous  acids  into  selenic  acid|  H3Se04,  and  telluric  acid, 
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EBaTeO^,  respectiveJy.  These  acids  form  while  crj'stals  and  are 
pnalogous  in  composition  to  sulfuric  acid.  Like  the  latter,  they 
'form  botli  neutral  and  acid  salts,  e.g.,  potassium  acid  tellurate, 
3LHTeOi,  The  selenates  and  tcllurates  are  oxidizing  agents 
aending  to  pass  into  selenites  and  tellurites.  Thus,  for  example, 
[potassium  teilurate,  when  strongly  heated,  gives  the  tellurite 
*nd  oxygen,  or  when  heated  with  concentrated  hydrochloric 
midd  it  gives  potassium  tellurite  and  chlorine.  Telluric  acid  is 
■decomposed  by  heat  into  its  anhydride,  tellurium  trioilde,  TeOj, 
tand  water. 

8i6.  Cobalt  and  Nickel.— The  metals  cobalt  (00  =  58.97) 
Ijind  nickel  (Xi  =  58.6S)  resemble  iron  in  both  their  physical 
pnd  their  chemical  properties  but  are  less  active  chemically, 
Korresponding  to  positions  below  iron  in  the  displacement  series 
T403).  Nickel  is  by  far  the  more  important  of  the  two  com- 
mercially, although  cobalt  commands  the  higher  price.  The 
two  metals  usually  occur  together,  nickel  being  the  more  abun- 
dant. They  are  commonly  found  with  iron,  copper,  or  silver  as 
sulfides  or  arsenides.  Large  deposits  of  nickel  and  cobalt  occur 
in  the  province  of  Ontario,  Canada. 

A  unique  method  of  extracting  nickel  from  its  ores  is  based 
the  fact  that  carbon  monoxide,  CO  (632),  unites  with  finely 
idcd  metallic  nickel  at  &o°  to  form  a  compound,  NiCCO),, 
^kel  carbonyl,  which  is  gaseous  above  44°.  The  ores,  after  they 
have  been  roasted  to  remove  sulfur  and  arsenic  and  to  convert 
the  metals  into  o.xides,  are  first  extracted  with  sulfuric  acid  to 
.iiemove  copper  and  are  then  reduced  to  metal  by  water-gas,  a 
ixture  of  H,  and  CO,  at  400°.  The  residue,  cooled  to  80°,  is 
to  a  stream  of  highly  compressed  CO,  and  the  volatile 
Ni(CO*)4  which  passes  off  is  decomposed  at  200°  into  pure 
metallic  nickel  and  carbon  monoxide, 

\i(COJ,^NH-4CO. 

s  is  the  Mond  process.     Other  processes  of  refining  nickel  arc 

0  in  use. 

Nickel  is  so  extensively  used  for  plating  copper,  brass,  and 

1  ihat  its  appearance  and  permanence  in  the  air  are  known  to 
rone.     It  is  harder  than  iron  and  melts  at  1450".    The  metal 
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finds  one  of  its  most  important  uses  in  the  manufacture  of 
nickel  steel,  of  which  it  may  constitute  several  per  cent.  Cobalt 
may  also  be  present  to  advantage  in  such  steel.  Nickel  steel  is 
very  hard  and  tough  and  is  largely  used  for  armor  plate. 

Our  five-cent  coins,  "nickels,"  are  an  alloy  of  25  per  cent 
nickel  and  75  per  cent  copper.  The  well-known  properties 
of  this  alloy  need  no  comment.  The  alloy  called  German 
silver  consists  of  nickel,  copper,  and  zinc.  Monel  metal  is 
Ni  68  per  cent,  Cu  30.5  per  cent,  and  Fe  1.5  per  cent.  It 
resembles  the  alloy  of  our  nickel  coins  but  is  harder  and  more 
resistant  to  chemicals.  It  is  obtained  by  direct  smelting  of 
copper-nickel-iron  ores. 

Cobalt  resembles  nickel  in  appearance  and  properties.  It  is 
not  much  used  as  a  metal.  Its  ozide,  CoO,  is  used  in  making 
blue  glass,  and  since  no  other  means  is  known  of  making  a  good 
blue  glass  this  element  is  of  considerable  importance.  Blue 
glazes  for  porcelain  and  a  blue  pigment,  smalt,  are  also  made 
from  cobalt  oxide. 

817.  Salts  of  Cobalt  and  Nickel. — ^The  bivalent  oxides  and 
hydroxides  of  cobalt  and  nickel  are  basic  and  have  no  acidic 
properties.  They  form  salts  with  practically  all  acids.  In  its 
salts  nickel  is  always  and  cobalt  usually  bivalent,  although  a 
few  trivalent  salts  of  the  latter  element  are  known. .  The  salts 
of  these  elements  correspond  closely  in  composition  to  those  of 
ferrous  iron.  Of  the  commoner  salts  of  (bivalent)  cobalt  and 
nickel  we  may  mention  the  fluorides,  chlorides,  bromides,  iodides, 
nitrates,  sulfates,  carbonates,  and  phosphates.  These  salts, 
with  the  exception  of  the  carbonates  and  phosphates,  are  readily 
soluble  in  water  and  as  a  rule  form  crystals  with  six  molecules  of 
water  to  one  of  the  salt,  e.g.,  Co(N03)2  •  6HaO  and  NiCl,  •  6H2O. 
Nickel  sulfate  forms  besides  the  hexahydrate  a  heptahydrate, 
NiS04  •  yHaO,  isomorphous  (810)  with  MgS04 '  7H2O  (144). 
Cobalt  sulfate  also  forms  a  hexahydrate  and  a  heptahydrate, 
the  latter  isomorphous  with  FeS04  •  7H2O  (173).  Many 
double  salts  (175)  are  also  known.  Ammonium  nickel  sul- 
fate, (NH4)2S04  •  NiS04  •  6H2O,  is  used  in  electroplating. 

The  hydrated  salts  of  cobalt  are  red  in  crystalline  form  and 
also  in  solution,  in  which  latter  Co'^'^  ions  are  present.    Many 
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•nliydrous  cobalt  salts  are  blue,  if  one  uses  a  dilute  cobalt 
chloride  solution,  pale  red  in  color,  as  ink,  the  writing  will  be 
practically  invisible  when  air  dry.  If  the  paper  is  heated  the 
writing  appears  in  easily  legible  blue  characters.  The  effect  of 
the  heating  is  to  drive  off  the  water  of  hydration.  A  writing- 
fluid  of  this  kind  is  known  as  sympathetic  ink.  Cobalt  forms  a 
large  number  of  compounds  called  cobalt  amines.  These  are 
complex  substances  containing  ammonia  and  trivalent  cobalt. 
Hezamine  cobaltic  chloride,  (NHjltCoClj,  formed  by  the 
action  ot  ammonia  and  oxidizing  agents  on  a  solution  of  cobaltous 
chloride,  CoCli,  is  a  typical  example.  Solutions  of  cobalt 
amines  must  contain  complex  ions  (538),  since  they  do  not  give 
the  ordinary  reactions  of  solutions  of  simple  cobalt  salts.  Nickel 
does  not  form  analogous  compounds. 

Hydrated  nickel  salts  are  green  and  fonn  green  solutions 
in  which  bivalent  Ni^"*"  ions  are  present.  Simple  cobalt  and 
nickel  solutions  give  precipitates  with  alkaline  hydroxides, 
carbonates,  phosphates,  and  sulfides.  These  are  all  soluble  in 
ammonia  solution  by  reason  of  the  formation  of  complex  ions 
of  various  sorts. 

818.  Platinum.— Platinum  (Pt=i95.2)  occurs  only  in  the 
metallic  state,  often  as  an  alloy  with  the  rarer  metals  osmium 
and  iridium.  It  comes  chiefly  from  the  Ural  Mountains  in 
Russia.  Platinum  is  almost  indispensable  in  chemical  labora- 
tories, where  it  is  used  as  crucibles,  dishes,  tubes,  etc.  Its 
■alue  for  such  uses  arises  from  the  fact  that  it  is  very  inactive 
has  a  high  melting-point.    It  is  not  attacked  by  any  of  the 

imon  acids  singly,  although  it  is  slowly  converted  into  its 
loride,  PlClj,  by  aqua  regia  (562),  a  mLxture  of  hydrochloric 
and  nitric  acids.  Platinum  is  an  active  catalytic  agent  for  many 
reactions,  such  as  the  union  of  hydrogen  and  oxygen  (303),  the 
union  of  sulfur  dio-xide  and  oxygen  {617),  and  the  oxidation  of 
ammonia  to  nitric  acid  (570),  Itfinds  extensive  use  catalytically 
in  the  manufacture  of  sulfuric  and  nitric  acids.  Since  platinum 
has  JD  recent  years  become  much  more  valuable  than  gold,  it  has 
gained  great  popularity  as  a  setting  for  jewels.  Its  use  in  Jewelry 
was  restricted  and  later  prohibited  during  the  war  in  order  that 
the  metal  might  be  conserved  for  chemical  uses.    The  use  in 
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jewelry  of  this  noble  metal,  so  necessary  for  chemistry  and  inr 
dustry,  ought  permanently  to  be  prohibited.  The  compounds  of 
platinum  are  not  of  much  practical  importance.  Until  recently 
the  chloride  PtCl4,  a  very  soluble  yellow  salt,  was  used  in  the 
quantitative  determination  of  potassium.  Potassium  chloride 
forms  with  PtCl4  a  very  diflScultly  soluble  complex  salt,  potassium 
platinic  chloridCi  K^PtCU,  into  which  all  the  potassium  in  a  given 
sample  could  be  converted  and  this  form  isolated  and  weighed. 
All  platinum  compounds  are  easily  reduced  to  the  free  ele- 
ment. The  chloride,  for  example,  gives  off  chlorine  upon 
being  heated  to  a  red  heat, 

PtCl4^Pt+2Cl.. 

819.  Gold. — Gold  (Au=i97.2)  has  been  known  from  pre- 
historic times.  It  usually  occurs  in  free  form  (native  gold)  but 
is  also  found  in  compounds  such  as  the  telluride  (815).  Several 
methods  are  in  use  for  the  extraction  of  gold  from  its  ores.  The 
simplest  one  is  the  amalgamation  process,  in  which  .sand  or 
crushed  rock  containing  free  gold  is  carried  by  running  water 
over  copper  plates  covered  with  a  film  of  mercury.  The  gold 
forms  an  alloy  (amalgam)  with  the  mercury,  from  which  it  can 
be  freed  subsequently  by  distilling  off  the  latter.  In  the  chlori- 
nation  process  ores  are  extracted  with  a  solution  of  chlorine,  in 
which  gold  dissolves  as  auric  chloride,  AuClj.  From  the 
chloride  solution  the  gold  may  be  precipitated  by  a  variety 
of  reducing  agents,  e.g.,  ferrous  sulfate,  etc.  More  important 
than  the  preceding  is  the  cyanide  process,  by  which  enormous 
quantities  of  gold  are  recovered  from  low-grade  ores.  This 
process  is  based  on  the  formation  of  readily  soluble  sodium 
auricyanide,  NaAu(NC)2,  which  contains  the  very  stable  com- 
plex ion  Au(NC)a"'.    The  reaction  is  as  follows: 

4Au+8NaNC+2HaO+0,->4NaAu(NC).+4NaOH. 

The  crushed  ore,  which  must  sometimes  be  roasted  to  free  it 
from  sulfide,  etc.,  is  placed  in  immense  tanks  and  extracted 
with  a  solution  of  sodium  cyanide  (665).  The  resulting  extract 
is  then  run  over  zinc  shavings  to  precipitate  the  gold, 

2NaAu(NC).-l-Zn->Na.Zn(NC)4+2Au . 
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^      Many  copper,   silver,   and   lead   ores   contiun   gold   which 
accompanies  the  metals  when  they  are  obtained  by  smelting 
processes.     This  gold  is  recovered  when  the  metals  are  refined 
j  «lectro!ytically. 

■i     The  principal  gold-producing  regions  in  the  order  of  iheir 

ranportance  are  the  Transvaal   (South  Africa'),   United  States 

including  Alaska,  Australia.  Russia  including  Siberia,  Mexico, 

and  Canada.    The  value  01   the  world's  production  of  gold 

during  the  year  1915  was  47^^  million  dollars. 

Gold  is  a  rather  soft  metal  and  is  usually  alloyed  with  copper 
or  other  metab.  Pure  gold  is  designated  as  24  carat.  Eighteen- 
carat  gold,  used  in  high-grade  jewelry,  is  75  per  cent  pure. 
1  States  gold  coins  consist  of  90  per  cent  gold  and  10  per 
nt  copper.  Gold  is  the  most  malleable  and  ductile  of  all 
ketals. 

I  Metallic  gold  is  not  attacked  by  any  of  the  common  acids. 

['dissolves  in  aqua  rcgia  (562),  a  mixture  of  hydrochloric  and 

Citric  acids,  to  form  auric  chloride.  AuClj.     This  salt  gives  with 

hydrochloric    acid,    chlorauric     acid,    H-\uCtj-3H,(>,    forming 

yellow  crystals,  and  with  sodium  chloride,  sodium  chloraurate, 

AuCl4-2H,0.     Aurous  chloride,  AuCI,  is  an   insoluble  salt 

ined  by  gently  heating  AuCI,. 
A  solution  of  auric  chloride  is  used  in  toning  photographs. 
In  the  ensuing  reaction  the  silver  of  the  picture  is  replaced  (452) 
by  metallic  gold  Au. 

»AuCl,+3Ag^Au+,i.VCI . 
'o  oxides  of  gold  are  known,  aurous  oxide,  Au,0,  and  auric 
de,  AujOj;    these  both  give  oxygen  and  metallic  gold  when 
ln.'att-d. 

830.  The  Rare  Earth  Elements. — The  term  rare  earth  ele- 
ments is  used  to  designate  a  large  group  of  similar  trivalent 
eloments.  The  name  indicates  that  these  more  or  less  rare 
elements  bear  some  resemblance  to  aluminum,  the  silicate  of 
which  constitutes  clay,  a  typical  earthy  substance.  One  of 
the  most  abundant  .sources  of  these  dements  is  the  mineral 
izite,  which  is  found  in  North  Carolina,  South  Carolina, 
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Florida,  Idaho,  Brazil,  and  India.  Monazite  ordinarily  occuis 
as  a  heavy  yellow  sand.  It  is  a  mixed  phosphate  of  cerium, 
lanthanum,  neodymiumi  and  thorium,  with  smaller  proportions 
of  many  other  rare  earth  elements. 

Monazite  sand  is  worked  up  primarily  for  the  thorium  it 
contains.  Strictly  speaking,  thorium  is  not  a  rare  earth  element, 
although  in  its  chemical  behavior  it  is  similar  to  these  elements. 

Thorium  nitrate,  Th(N03)4,  is  extensively  used  to  make 
incandescent  gas  mantles;  these  consist,  to  the  extent  of  over 
99  per  cent,  of  thorium  oxide,  ThOa,  and  must  contain  0.6  to 
0.8  per  cent  of  cerium  oxide,  CeO,  (301). 

A  brief  description  of  the  chemistry  of  cerium,  lanthamun, 
and  neodymium  will  serve  to  illustrate  the  nature  of  the  rare 
earth  elements,  which  are  all  much  alike  in  their  properties. 
In  free  form  the  three  elements  mentioned  are  metals  stable  in 
air  and  toward  water.  An  alloy  of  the  three  metals,  called 
mixed  metal,  is  made  technically  by  the  electrolysis  of  the  molten 
chlorides  CeClj,  LaClj,  NdCl,.  An  alloy  of  70  per  cent  mixed 
metal  and  30  per  cent  iron  gives  out  a  shower  of  sparks  of  burning 
metal  when  scratched  with  a  file.  It  is  for  this  reason  known  as 
pyrophoric  alloy  and  finds  use  in  cigar  Hghters,  gas  lighters,  etc. 

These  elements  form  bases  and  salts  in  which  they  are 
trivalent.  The  hydroxides,  e.g.,  La(0H)3,  are  almost  insoluble, 
moderately  strong  bases.  The  nitrates,  chlorides,  and  sulfates 
are  soluble  and  are  not  appreciably  hydrolyzed  in  solution.  The 
carbonates,  phosphates,  and  oxalates  are  insoluble  in  water. 
Cerium  differs  from  the  other  two  elements  in  forming  a  series 
of  quadrivalent  salts  derived  from  the  oxide  CeOj.  In  these  the 
eerie  ion,  Ce^"*",  is  a  strong  oxidizing  agent.  The  eerie  ion, 
Ce'*"*",  is  orange  in  color,  while  eerous  ion,  Ce"*"  "*""*",  is  colorless, 
as  is  also  lanthanum  ion  La"^"^"^.  Neod)miiimi  ion,  Nd"*"*""**, 
is  a  beautiful  rose  color.  In  addition  to  these  rare  earths 
there  are  eleven  others,  all  of  which  are  less  conunon  than  the 
three  here  mentioned. 


CHAPTER  XXXI 

JlSSIFICATIOH  OF  THE  ELEMENTS.    THE  PERIODIC  SYSTEM 

8ai.  Introduction. — By  reason  of  the  enormous  number  of 
Uowti  chemical  substances  the  best  that  a  trained  chemist  can 
e  or  even  wish  to  do  is  to  become  thoroughly  familiar  with 
s  principles  and  laws  of  his  science  and  to  know  a  moderate 
tnber  of  facts  regarding  the  commoner  substances,  together 
rith  those  with  which  his  own  field  of  work  brings  him  in  con- 
*     tact.     His  mind  should  be  a  laboratory  and  not  a  warehouse; 
otherwise  he  will  soon  find  it  so  crowded  with  useless  and  unre- 
lated data  {chemical  junk!)  that  he  has  no  ability  to  solve  the 
new  chemical  problems  that  will  constantly  confront  him.     If  one 
knows  well  the  fundamental  chemical  principles  and  is  familiar 
wnlh  the  chemical  beha^Hor  of  the  most  typical  of  the  elements 
he  will  find  it  easy  to  understand  tlie  chemistry  of  any  unfamiliar 
clement  he  may  have  occasion  to  study.     Moreover,  by  reason 
of  the  relationships  between  the  elements  to  be  discussed  in  this 
chapter  he  wilt  be  able  from  a  knowledge  of  a  very  few  facts 
regarding  the  element  in  question  to  predict  with  more  or  less 
^^ssurance  the  genera!  behavior  of  the  element  and  its  com- 
^Bounds. 

^V  We  shall  now  consider  briefly  the  entire  list  of  the  elements 
^^rith  the  view  of  bringing  out  their  relations  to  one  another 
and  of  showing  that  they  may  be  classified  into  groups  (families) 
and  series  in  such  a  way  as  clearly  to  exhibit  these  relationships. 
In  fact,  every  element  finds  a  definite  place  in  this  system-  of 
classification,  which  for  reasons  soon  to  be  shown  is  called 
the  Periodic  System. 

833.  Chemical  Groups  or  Families.  The  Halogens.^The 
similarities  in  properties  and  behavior  of  chlorine,  bromine,  and 
iodine  and  of  their  corresponding  compounds  must  be  well 
lown  to  the  reader  at  this  stage  of  advancement.  Let  us 
iriew  some  of  the  facts  already  established  and  consider  also 
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a  few  additional  ones.  These  elements  are  all  non-metals  which 
form  the  colorless  gases  HCl,  HBr,  and  HI,  all  of  which  dissolve 
easily  in  water  to  form  strong  acids.  In  these  acids  and  their 
salts  the  halogen  is  always  univalent.  Although  the  free  halo- 
gens are  colored  their  ions  in  solution  are  all  colorless.  The  salts, 
with  the  exception  of  those  of  silver,  lead,  and  univalent  mercury, 
are  easily  soluble  in  water.  The  three  halogens  being  con- 
sidered all  form  oxygen  acids  and  salts  of  a  class  represented  by 
KCIO3.  Thus  we  have  the  acids  chloric,  HCIO3,  bromic, 
HBrOj,  and  iodic,  HIO3,  and  their  corresponding  salts,  the 
chlorates,  bromates,  and  iodates. 

If  now  we  turn  to  the  differences  between  the  corresponding 
compounds  of  the  three  halogens  we  observe  that  the  properties 
of  bromine  and  its  compounds  are  in  most  cases  nearly  inter- 
mediate between  those  of  chlorine  and  iodine.  Let  us  consider 
first  the  matter  of  atomic  weights: 

Chlorine 35.5 

Iodine 127. 

Mean 81 .2 

Bromine 80. 

The  atomic  weight  of  bromine  is  seen  to  be  very  close  to  the 
mean  of  the  atomic  weights  of  the  other  two  elements.  The 
data  shown  in  Table  XLV  illustrate  the  fact  that  bromine  and 

TABLE  XLV 

Comparison  of  the  Properties  of  Chlorine,  Bromine,  and 

Iodine  and  Their  Compounds 


Physical  state Clas 

Color  of  gas  or  vapor Yellow 


Melting-point. 

Boiling-point 

Density 

Solubility  of  sodium  salt* 

Solubility  of  potassium  salt*. .  . 
Melting-point  of  sodium  salt. .  . 
Melting-point  of  potassium  salt. 


Chlorine 

Bromine 

Iodine 

(las 
Yellow 

Liquid 
Brown 

Solid 
Violet 

-102° 
-  35° 

-  7° 

+  59° 

+  114'' 
+184' 

15 
33 

3  i 

75 

50 
180 

34 
776° 
700° 

7SO** 

140 

650° 

630° 

♦Grams  i)f  salt  clis^lved  by  loo  g,  of  water  at  20' 
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its  compounds  stand  nearly  midway  between  chlorine  and 
iodine  and  their  corresponding  compounds;  so  that  if  we  know 
the  properties  of  compounds  of  the  latter  we  can  predict  pretty 
nearly  those  of  the  former. 

Fluorine,  although  classed  as  a  halogen,  is  less  closely 
related  to  the  three  elements  just  discussed  than  are  the  latter 
to  one  another. 

823.  The  Alkali  Metals. — Sodium  and  potassium  are  called 
the  alkali  metals.  This  group  or  family  also  includes  lithium 
(786),  a  much  less  common  element,  and  in  addition  two  rare 
elements,  rubidium  and  caesium.  These  two  elements  form 
with  sodium  and  potassium  as  closely  related  a  group  as  do 
chlorine,  bromine,  and  iodine.  Lithium,  although  showing 
many  points  of  similarity  to  the  other  four  elements,  bears  about 
the  same  sort  of  relation  to  the  others  that  fluorine  does  to  the 
other  halogens.    Table  XLVI  gives  some  typical  data  on  this 

TABLE  XLVI 
Comparison  of  the  Properties  of  the  Alkali  Metals  and  Their  Compol-nds 


Atomic  weights. 
Melting-points . 

Densities 

Atomic  volumes 
Hydroxides. .  .  , 

Chlorides 

Nitrates 


Lithium 

Sodium 

Potassium 

6.94 
186** 

23.00 
98*> 

39.01 
62** 

0  59 

0  97 

0.87 

II. 9 
LiOH 

23  7 
NaOH 

44  8 
KOH 

LiCl 

NaCl 

KCl 

LiNOj 

NaNO, 

KNO, 

85  45 

38^ 

I  52 

56.1 

RbOH 

RbCl 

RbNO, 


Caesium 


132.81 
26° 
1.88 
70.6 
CsOH 
CsCl 
CsNO, 


group.  Again  we  find  some  simple  relations  between  atomic 
weights,  as  in  the  case  of  the  halogens.  Thus  the  atomic  weight 
of  sodium,  23,  is  practically  the  mean  of  the  atomic  weights  of 
lithium  and  potassium,  while  that  of  rubidium  stands  almost 
midway  between  those  of  potassium  and  caesium.  Curiously 
enough,  however,  the  atomic  weight  of  potassium,  39,  is  much 
less  than  the  mean  of  the  values  for  the  neighboring  elements 
sodium  and  rubidium,  namely  54. 

All  of  the  five  elements  of  this  family  are  typical  metals. 
As  such  they  are  all  very  active,  caesium  most  so  and  lithium 
least.    With  water  they  all  react  readily  to  form  strong,  soluble 
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bases,  resembling  sodium  hydroxide.  This  means  that  they  aU 
form  positive  ions,  all  of  which  are  univalent.  The  metals  are 
all  soft  (easily  cut  with  a  knife).  They  are  all  silver-white  and 
have  low  melting-points,  rubidium  and  caesium  melting  below 
blood  heat.  The  melting-points  decrease  in  order  from  lithiimi 
to  caesium.  The  densities  are  all  lower  than  those  of  any  other 
metals.  In  general  the  higher  the  atomic  weight  the  greater 
the  density;  but  we  find  that  the  value  for  sodium  is  exceptional 
in  being  a  little  higher  than  that  of  potassium.  If,  however,  we 
calculate  from  the  density  and  atomic  weight  the  so-called  atomic 
volumei  that  is  the  volume  in  cubic  centimeters  occupied  by  one 
gram  atomic  weight  of  the  element,  we  find  that  these  constants 
increase  steadily  with  increasing  atomic  weight,  and  that  the 
value  for  sodium  is  no  longer  irregular.  Since  the  gram  atomic 
weights  (symbol  weights)  of  all  elements  contain  equal  numbers 
of  atoms,  the  atomic  volumes  are  the  voliunes  of  equal  numbers 
of  atoms.  By  reference  to  Table  XL VI  we  see  that  in  this  family 
the  heavier  an  atom  is  the  greater  the  volume  it  occupies. 

824.  The  Alkali  Earth  Group. — ^The  alkali  earth  group 
includes  the  four  elements  calcium,  strontium,  bariimi,  and 
radium.  These  are  all  bivalent  metals  whose  hydroxides  are 
moderately  strong  bases,  and  whose  salts  are  typically  repre- 
sented by  calcium  chloride,  CaCU,  and  sulfate,  CaS04.  A 
detailed  examination  of  this  group  would  show  that  its  members 
closely  resemble  one  another  in  general,  and  also  that  a  system- 
atic and  gradual  change  of  properties  accompanies  change  of 
atomic  weight  just  as  in  the  halogen  and  alkali  metal  families. 

825.  The  Inert  Gases. — ^The  inert  gases  helium,  neon,  argon, 
krypton,  and  xenon  (791-797)  must  obviously  be  considered  as 
belonging  to  a  separate  family.  They  are  all  devoid  of  chemical 
properties  and  are  therefore  of  valence  zero  in  all  cases.  As 
gases  their  densities  are  of  course  all  proportional  to  their 
molecular  weights  (Avogadro's  Law,  193).  The  ratio  of  the 
molecular  heat  at  constant  pressure  to  that  at  constant  volume 
is  1 .  66  in  each  case,  thus  showing  that  each  gas  is  monatomic 
(793)-  The  critical  temperatures  and  boiling-points  of  the 
liquid  gases  all  increase  with  increasing  atomic  weight  from  the 
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lowest  values  found  in  the  case  of  helium.     No  other  elements        ^H 
(excepting  mton,  radium  emanation,  chap,  xxxli)  resemble  the         ^^| 
five  members  of  this  family  at  all  closely.     Sometimes  the  inert          ^^k 
gases  are  called  the  noble  gases,  because  the  most  striking  char-          ^H 
acteristic  of  the  noble  metals,  gold  and  platinum,  is  the  reluctance          ^H 
with  which  they  enter  into  chemical  combination.                                   ^H 
826.  Series  of  Elements.— If  we  arrange  the  elements  in  the          ^H 
order  of  their  atomic  weights  the  first  of  the  series  is  obviously         ^H 
hydrogen.    The  next  h  helium.    The  next  seven  are  shown  in         ^H 

npable  XLMI.    The  data  presented  in  this  table  show  that  the         ^| 

^H                                                      TABLE  X1.VII                                                                    ^H 
^^V                                The  First  Sekies  or  Elements                                              ^^| 

P 

u 

Be 

B 

c 

N 

0 

'         ■ 

Semi  numbers 

Alonuc  weights 

3 

i86' 
LiCI 

18^ 

BeCl. 

3 

6 
4 

7 

S 
16 

-..8- 

i         1 

Chlorine  compounds 

Vslence  toward  chlorine  . . 

NH, 
3 

mo 

'         1 

Valence  toward  hydrogen . 

valence  toward  chlorine  increases  by  one  as  we  pass  from  lithium,          ^H 
one,  to  carbon,  four,  and  that  the  valence  toward  hydrogen         ^| 
decreases  by  units  from  carbon,  four,  to  fluorine,  one.     There  is          ^H 
also  a  gradual  change  of  both  physical  and  chemical  properties          ^| 
as  we  go  from  lithium  to  fluorine.     For  example,  lithium  is  a          ^H 
light,  soft,  silver-white  metal  (density  0.59).     It  readily  decom-          ^| 
poses  cold  water.     Lithium  hydroxide  is  a  strong  base,  and  its          ^H 
salts  are  not  hydrolyzed  in  solution.     Beryllium   is   a   white          ^| 
malleable  metal  of  density  1.64.    It  does  not  tarnish  in  air,          ^| 
but  it  slowly  decomposes  hot  water.     BeryUium  hydroxide  is          ^| 
a  rather  weak  base.     The  chloride  is  appreciably  hydrolyzed  in          ^H 
water  solution.     Boron   {801-803)   is   a   non-metallic   solid    of          ^| 
very  high  melting-point.     It  is  not  acted  on  by  water  or  by          ^H 
oxygen  except  at  high  temperatures.     Its  hydroxide,  B(OH)„         ^H 
or  HjBOj.  boric  acid,  is  an  extremely  weak  acid.     The  chloride        ^H 
^BCl,  is  completely  hydrolyzed  by  water  to  form  boric  and      ^^M 
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hydrochloric  acids.  Carbon  is  strictly  non-metallic  in  the  form 
of  diamond  (the  latter  is  an  electrical,  insulator-like  glass),  and 
only  semimetallic  as  graphite  (this  has  a  semimetallic  luster  and 
conducts  the  current  fairly  well,  630).  Carbon  tetrachloride, 
CCI4  (644),  is  a  colorless  liquid  with  none  of  the  characteristics 
of  a  salt.  The  other  three  members  of  the  series,  nitrogen, 
oxygen,  and  fluorine,  are  all  gases  and  all  strictly  non-metallic 
in  character.  Their  activity  increases  very  markedly  from 
nitrogen,  through  oxygen,  to  fluorine.  In  their  hydrogen  com- 
pounds the  last  four  elements  of  the  series  show  a  progressive 
decrease  in  valence  from  four  for  carbon  to  one  for  fluorine. 
Only  the  hydrogen  compounds  of  nitrogen,  oxygen,  and  fluorine 
form  compounds  with  metals,  e.g.,  NaNH,  (527),  NaOH,  and 
NaF.    The  first  is  decomposed  completely  by  water. 

827.  The  Second  Series. — ^The  seven  elements  beginning 
with  sodium  taken  in  increasing  order  of  their  atomic  weights 
form  a  second  series  as  illustrated  in  Table  XL VIII.     Again  in 

TABLE  XLVIII 
The  Second  Series  of  Elements 


Na 


Mg 


Al 


Si 


Serial  numbers 

Atomic  weights 

Chlorine  compounds 

Valence  toward  chlorine . 
Hydrogen  compounds .  .  . 
Valence  toward  hydrogen 


II     I       12 

2i        24.3 

XaCl     MgC;ia 


13 
27 

AlCli 
3 


14 
28 

SiCU 

4 
SiH4 

4 


IS 

31 

PCls 

5 
PH, 

3 


s 

CI 

16 
32 

17 

35  5 

H,S 
2 

HCl 
I 

this  series  metallic  properties  characterize  the  first  three  elements. 
The  fourth,  silicon,  is  a  hard,  black,  difficultly  fusible  element 
with  fair  electrical  conductivity;  it  may  well  be  classed  as  semi- 
metallic.  The  following  three  elements  are  truly  non-metallic. 
Chemical  activity,  great  in  the  case  of  sodium,  diminishes  toward 
silicon,  which  is  quite  inert,  and  then  increases  again  to  a  maxi- 
mum with  chlorine.  In  this  connection  it  is  of  importance  to 
note  that  the  acti\dties  of  the  first  three  metals  are  represented 
hy  their  tendencies  to  take  on  positive  charges  (lose  electrons, 
491 ),  while  those  of  the  last  three  elements  are  due  to  a  tendency 
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to  acquire  negative  charges  (gain  electrons,  489).  Furthermore 
the  valences  change  by  unity  as  we  pass  from  one  to  the  next 
element  in  the  series. 

828.  Correlation  of  the  First  and  Second  Series. — If  we 
write  the  two  series  of  elements  ia  parallel  columns  a  very 
remarkable  relationship  at  once  appears,  as  shown  in  Table 
XLIX.    We  see  that  Li  and  Na,  both  members  of  the  alkali- 

TABLE  XLIX 


First  series I    Li      i     Be 

Second  series Na    '     Mg 

H  compound 

CI  compound 


B  C 

Al  Si 


EH4 
ECl  i     ECU  I     ECI3       ECI4 


N 

0 

F 

P 

S 

CI 

KH, 

EH, 

EH 

ECIs 

metal  group,  fall  in  the  same  vertical  column;  likewise  the 
halogens,  F  and  CI.  Furthermore,  if  E  is  written  as  the  general 
symbol  of  any  element,  the  compounds  with  H  or  CI  for  the  two 
elements  of  any  vertical  column  can  be  represented  by  the  same 
formula.  In  other  words,  this  arrangement  brings  elements 
of  similar  properties  into  the  same  vertical  columns. 

829.  The  Periodic  Table  of  the  Elements. — ^Table  L  shows 
a  systematic  arrangement  of  70  of  the  ^2>  elements.  In  this 
table  the  first  two  horizontal  lines  reproduce  the  two  series  of  the 
preceding  section  and  in  addition  include  the  elements  helium,  He, 
and  neon,  Ne.  Following  chlorine  all  known  elements  to  and 
including  cerium,  Ce,  140 . 2,  are  given  in  the  order  of  increasing 
atomic  weights,  with  the  exception  that  argon,  A,  39 .9,  precedes 
potassium,  K,  39 .  i ;  and  tellurium,  Te,  127.5,  precedes  iodine,  I, 
126.9.  Between  cerium,  Ce,  140.2,  and  tantalum,  Ta,  181 .5,  a 
number  of  rare  earth  elements  are  omitted  (820,  846). 

The  first  and  second  series,  called  also  the  first  and  second 
periods  respectively,  each  includes  eight  elements.  The 
double  series  of  18  elements  beginning  with  argon,  A,  39.9, 
and  ending  with  bromine,  79. 9,  forms  the  third  period.  It 
will  be  noticed  that  a  group  of  three  elements,  iron,  Fe,  cobalt, 
Co,  and  nickel,  Ni,  follows  manganese,  Mn,  54.9,  in  the  column 
headed  Group  VIII.  Copper,  the  next  element  after  nickel,  is 
placed  in  Group  I  and  not  under  argon  in  Group  O.    The 
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fourth  period  begins  with  krv-pton,  Kr,  82.9,  and  ends  with 

iodine,  126.9,     The  fifth  period  includes  the  elements  beginning 

with  xenon,  X,  130.2,    The  sixth  period,  which  is  defective, 

shows  tantalum  as  its  first  and  bismuth  as  its  last  member. 

The  seventh  period  contains  only  four  elements,  of  which  niton, 

Nt,  221.4,  is  the  first  and  uranium,  U,  238.2,  the  last.    No 

Kdement  of  higher  atomic  weight  than  uranium  is  known.     The 

Hpst  two  periods  are  called  short  periods,  and  the  next  (our  long 

"periods.     The  seventh,  and  last,  period  is  fragmentary. 

830.  The  Nine  Groups  of  Elements.  The  Zero  Group.— The 
elements  contained  in  any  one  of  the  nine  vertical  columns 
headed  O  to  VTII  constitute  a  group.  There  are,  therefore,  nine 
such  groups.  The  zero  group  consists  of  the  five  inert  gases 
(rare  or  noble  gases  studied  earlier,  825),  together  with  niton 

KEldium  emanation,  see  chap,  xxxii),  which  is  also  inert  chemi- 
lly.  None  of  these  gases  forms  any  chemical  compounds.  The 
embers  of  the  zero  group  never  have  other  than  zero  valence. 

83 1 .  The  First  Group.  A  and  B  Families.^Reference  to  the 
Periodic  Table  shows  that  five  of  the  eight  elements  of  Group  I 
belong  to  the  alkali-metals  family.  These  elements  are  lithium, 
sodium,  potassium,  rubidium,  and  caesium.  The  other  three 
elements,  copper,  silver,  and  gold,  as  we  already  know  from 
their  earlier  study,  are  widely  different  from  sodium  and  potas- 
sium, the  best-known  alkaU  metais.  In  many  respects  copper, 
alver,  and  gold  are  much  alike  and  may  be  classed  together  as 
a  family.  Let  us  compare  and  contrast  the  two  families  of 
Group  I,  which  we  may  designate  as  lA  and  IB  respectively, 
The  differences  are  set  forth  in  Table  LI. 

TABLE  LI 


\                    1 

IB 

Li.NfcK.Rb.Cl 

Cu.Ac,Aii 

Uty o-59toi.88 

8.Stoi9-i 

hfaMotnt .       16'  to  18A' 

Kefmler Give  hydroxides 

■twfljB . .    Soluble  alronc  bases 

q6o°  to  lo6o* 
No  actioD 

Vetybw             ^^ 
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The  differences  are  set  forth  in  Table  LI.  The  members  of  lA 
are  uniformly  univalent  when  in  combination  and  form  such 
compounds  as  ECl,  EBr,  ENO3,  E,S04,  EOH,  and  E^O.  In 
sodium  peroxide,  Na^O^,  we  believe  that  sodium  is  still  univalent 
and  represents  the  structural  formula  thus:  Na  •  O  •  O  •  Na  (324). 
In  IB  copper  and  gold  are  variable  in  their  valences;  thus  copper 
forms  in  addition  to  the  commoner  compounds  in  which  it  is 
bivalent  (165)  a  series  of  univalent  compounds,  of  which  cuprous 
chloride,  CuCl,  is  an  example.  Gold  has  so  little  chemical 
affinity  that  it  does  not  form  many  stable  compounds,  but  in 
these  it  is  usually  univalent  or  trivalent.  It  forms  two  oxides, 
AUiO  and  Au^Oj.  If  we  fix  our  attention  on  the  resemblances 
between  copper,  silver,  and  gold  rather  than  on  the  divergences 
it  is  easy  to  see  why  they  should  be  classed  in  the  same  famUy. 
The  metals  themselves  are  all  permanent  in  air  and  not  very 
active  chemically;  none  of  them  sets  free  hydrogen  from  acids 
appreciably.  They  are  moderately  hard  but  are  very  malleable 
and  ductile.  They  all  melt  in  the  neighborhood  of  1000®.  They 
are  the  best  three  conductors  of  heat  and  of  electricity.  They 
all  form  oxides,  E^O,  and  their  chlorides,  ECl,  are  all  white  salts 
insoluble  in  water  and  dilute  acids.  It  will  be  noted  that  Cu, 
Ag,  and  Au  occur  in  the  long  periods  3,  4,  and  6  respectively, 
and  in  each  case  in  the  second  line  of  the  period.  Insj)ection 
will  show  the  presence  of  A  and  B  families  in  Groups  II  to  VII 
but  not  in  groups  O  and  VIII. 

832.  The  Second  Group. — Group  n  is  made  up  of  two 
families,  IIA  and  IIB.  The  alkali  earth  elements  Ca,  Sr,  Ba, 
and  Ra  are  the  typical  members  of  IIA  (824);  while  Zn,  Cd 
(cadmium),  and  Hg  constitute  IIB.  Beryllium,  Be,  and  mag- 
nesium, Mg,  in  the  first  and  second  periods  are  somewhat 
more  closely  related  in  their  properties  to  the  family  IIA 
than  to  the  family  IIB.  The  alkali  earth  family,  HA,  is 
so  called  because  of  the  resemblance  of  its  members  to 
the  alkalies,  lA,  on  the  one  hand,  and  to  the  earths,  typified 
by  aluminum  in  Group  III,  on  the  other.  Metallic  calcium 
is  a  moderately  soft  metal  and  is  acted  on  rather  rapidly  by 
water  to  form  a  strongly  basic  hydroxide  and  hydrogen,  but 
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by  no  means  so  rapidly  as  are  the  alkali  metals.  The  hydroxides 
of  IIA  are  not  quite  as  strong  bases  as  those  of  lA;  but  their 
salts  with  strong  acids  give  neutral  solutions.  The  three  mem- 
bers of  HB,  Zn,  Cd.  and  Hg,  are  tjpical  metals  and  are  all  unacted 
upon  by  water  and  are  all  untarnished  by  air.  The  hydroxides 
of  IIB  are  weak,  insoluble  bases,  and  solutions  of  salts  with  strong 
acids  are  acid  in  reaction  by  reason  of  hydrolysis  (436).  Com- 
parison of  IIA  and  IIB  shows  less  difference  in  properties  than 
was  found  in  the  case  of  lA  and  IB.  With  the  exception  of 
mercury  all  the  elements  of  IIA  and  IIB  form  exclusively  com- 
poundsin  which  they  are  bivalent.  Typical  formulae  are  KC!„ 
EBr„  E(NO,)„  ESO„  ECOj,  EO,  and  E(OH},.  Mercury  is 
exceptional,  since  in  mercurous  compounds  (333)  it  is  univalent. 

833.  The  Third  Group. — Of  the  nine  elements  composing  the 
third  group,  only  two,  boron  (801)  and  aluminum  (174),  are 
common.  The  others,  with  the  exception  of  lanthanum,  are 
rare.  In  their  compounds  the  third-group  elements  are  always 
trivalent  and  give  products  of  the  following  types:  E,Oj,  E(OH)j, 
ECl„E(NOj)„E,fSO,),. 

Boron  is  the  only  member  of  the  group  that  docs  not  form 
salts  with  acids;  its  hydroxide,  boric  acid  (803),  has  only  weak 
add  properties.  Aluminum  hydroxide,  Al(OH)j,  is  amphoteric 
(177),  forming  salts  with  both  acids  and  bases;  but  these  salts 
are  all  considerably  hydrolyzed  in  solution,  so  that,  for  example, 
a  soiulion  of  AlClj  reacts  acid,  while  one  of  NaAlO,  reacts  basic, 
to  indicators  (436). 

Lanthanum  hydroxide,  La(OH)j,  a  white  solid,  is  a  rather 
strong  base  forming  salts,  e.g.,  La(N03)j,  which  are  not  hydro- 
lyzed in  solution. 

The  rare  earths  (Sao),  which  doubtless  should  be  considered 
83  third-group  elements,  will  be  treated  separately  in  a  later 
flection  (846). 

834.  The  Fourth  Group.— All  the  elements  of  the  fourth 
group,  with  the  exception  of  germanium  (Gc  =  7?.s),  are  of  use 
tcdmically.  Carbon  and  silicon  arc  of  course  the  most  impor- 
tant, and  tin  and  lead  come  next.  Titanum,  zirconium,  cerium, 
BkI  thorium  find  interesting  minor  uses.    The  characlcristfc|j 
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valence  of  these  elements,  in  their  compounds,  is  four,  so  that 
the  typical  compounds  have  formulae  like  the  following:  EO,; 
E(0H)4,  H^EOj,  ECI4,  E(N03)4,  ECSOJ,,  etc.  Only  titanium, 
zirconium,  tin,  cerium,  and  thoriimi  form  salts  of  the  .last  two 
types.  Several  of  the  members  of  this  group  form  compounds 
in  which  they  have  a  valence  of  two  or  three.  Thus  carbon  and 
lead  form  the  oxides  CO  (632)  and  PbO  (167)  respectively.  In 
all  stannous  compounds  (809)  tin  is  bivalent,  while  in  all  its 
ordinary  salts  lead  also  has  a  valence  of  two.  In  the  more  stable 
salts  of  cerium,  like  cerous  nitrate,  CeCNOj),,  and  cerous  sulfate, 
Cea(S04)3,  this  element  is  trivalent;  but  moist  cerous  hydroxide, 
Ce(0H)3,  takes  up  oxygen  from  the  air  to  form  the  more  stable 
eerie  hydroxide,  Ce(0H)4.  All  the  fourth-group  elements  form 
chlorides  of  the  type  ECI4.  All  of  these  except  CeCl4  and  PbCl4 
are  stable  toward  heat;  the  chlorides  of  carbon,  silicon,  titanium, 
germanium,  and  tin  are  colorless  liquids  of  low  boiling-points 
(59' to  135^).   ^ 

The  hydroxides  of  the  elements  of  the  fourth  group  form  only 
weak  acids  or  weak  bases.  Carbon  and  silicon  give  carbonic  add 
and  silicic  acid  (807).  respectively;  and  titaniimi,  zirconium, 
cerium,  and  thorium  form  hydroxides  which  are  weak  bases. 
Stannous  and  stannic  hydroxides  (809)  and  lead  hydroxide, 
Pb(OH)a,  are  amphoteric.  Titanium,  zirconiimi,  and  thorium 
are  the  typical  members  of  IVA;  the  position  of  cerium  in  this 
group  is  a  bit  uncertain.  Germanium,  tin,  and  lead  compose 
rVB.  Carbon  and  silicon  bear  resemblances  to  both  of  these 
families.  Tin  and  lead  are  easily  obtained  as  free  metals,  but 
it  is  doubtful  whether  even  moderately  pure  metallic  thorium 
has  ever  been  obtained. 

835.  The  Fifth  Group. — ^We*  have  studied  only  five  of  the 
eight  elements  given  in  Group  V,  Table  L.  These  are  nitrogen, 
chapter  xxi;  phosphorus,  chapter  xxiii;  arsenic  (810),  antimony 
(811),  and  bismuth  (812).  The  last  three  form  family  VB,  to 
which  the  first  two  show  points  of  similarity.  Of  the  members 
of  family  VA  only  vanadium  (V=  51)  is  of  technical  importance. 
It  is  a  rather  scarce  element  which  finds  an  important  use  as  a 
minor  component  of  high-grade  machine  steel.    Its  common 
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oxide  is  V,Os,  which  is  weakly  basic  and  rather  strongly  acidic 
in  character.  The  metavanadates,  e.g.,  NH^VO^,  correspond 
to  the  salts  of  metaphosphoric  acid,  HPOj  (589).  No  technical 
uses  have  yet  been  found  for  the  other  two  members  of  this 
family,  the  rare  elements  columbium  (also  called  niobium)  and 
tanta.lum. 

The  following  dbcussion  will  be  confined  to  the  members  of 
VB,  together  with  nitrogen  and  phosphorus.  Of  the  five  elements 
referred  to,  all  but  bismuth  form  gaseous  hydrogen  compounds 
of  the  tj-pe  EHj,  Of  these  only  NHj  forms  with  water  a  basic 
hydroxide.  In  these  hydrides  the  fifth-group  element  is  tri- 
valent.  All  five  of  the  elements  (including  bismuth)  form 
trimethyl  derivatives,  E(CHj)j,  corresponding  to  trimethyl 
amine  (59). 

All  five  elements  form  trichJorides,  ECIj,  and  P,  As,  and  Sb 
form  pentachlorides,  EClj.  All  of  the  five  elements  being  con- 
sitlered  form  trioxides,  E^Oj,  and  all  with  the  possible  exception 
of  bismuth  form  pentoxides,  EjOj.  Also,  with  the  exception  of 
luth,  these  elements  form  acids  derived  from  their  pentox- 
These  acids  exist  in  various  stages  of  hydration,  of  which 
HEO,  is  the  most  common. 

The  highest  valence  of  the  elements  of  the  fifth  group  is  five, 
although  in  many  cases  the  valence  is  only  three. 

836,  The  Sixth  Group.— The  two  families  VIA  and  VIB  are 
each  made  up  cf  four  elements.  The  first,  VIA,  consists  of 
chromium  (344),  molybdenum  (813),  tungsten  (814),  and 
uranium;  the  second,  VIB, embraces  o-xygen,  sulfur  (ch.ip.  xxiv), 
selenium  (815),  and  tellurium  (815}.  The  members  of  VIA  have 
a  characteristic  maximum  valence  of  six,  as  exemplified  by  the 
oxides,  EOj.  These  are  all  acidic  in  nature  and  lead  to  salts 
such  as  Na,EO^  and  Na,E,0,  and  even  more  complex  formulae 
e.g.,  Na4Mo,Oi4- 2  2H,0.  In  all  these  salts  the  sixth-group 
element  is  hexavalent.  The  members  of  family  VIB  all  form 
hydrogen  compounds,  H^E,  and  these  decrease  in  stability  as  the 
atomic  weight  of  the  sixth-group  element  increases.  Water  is 
extremely  stable :  hydrogen  telluride  decomposes  with  ease  (815). 
We  should  expect  a  normal  valence  of  six  for  these  eleinaita; 
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but  we  find  that  for  oxygen  the  ordinary  valence  is  only  two, 
although  in  some  cases  (not  discussed  in  this  book)  a  valence 
of  four  is  very  probable.  Sulfur  and  tellurium  form  trioxides, 
EO3,  and  in  these  the  two  former  are  undoubtedly  hexavalent 
as  they  are  also  in  the  corresponding  acids  HaE04  and  their  salts, 
While  selenium  trioxide  has  not  been  made,  the  corresponding 
acid  H2Se04  and  its  salts  are  well  known  (815).  In  them 
selenium  has  a  valence  of  six.  Sulfur,  selenium,  and  tellurium 
also  form  oxides  EOa  and  acids  HaEOj  and  their  salts.  These,  as 
we  have  learned,  are  converted  by  oxidation  into  the  correspond- 
ing acids  HiE04  or  their  salts. 

Contrasting  VIA. with  VIB,  we  may  say  that  while  all  the 
elements  are  acid-forming,  only  chromium  and  uranium  are 
base-forming  and  give  salts  with  acids.  Chromium  forms 
hydroxides  in  which  it  is  trivalent.  Thus  Cr(0H)3  is  a  weak 
base  like  Fe(0H)3.  It  also  is  capable  of  further  reduction  and 
gives  a  more  strongly  basic  hydroxide,  Cr(OH)a.  The  com- 
monest uranium  salts  are  derived  from  the  trioxide  UO3.  These 
salts  may  be  considered  as  being  formed  from  a  compound 
UOi(OH)a,  a  diacid  base  about  as  strong  as  Fe(OH)a.  Its 
reaction  with  nitric  acid  may  be  represented  thus: 

UO.(OH)a-f2HN03->UOa(N03)a+2HaO  , 

This  salt  is  called  uranyl  nitrate.  It  forms  large  yellow  crystals, 
UOaCNOj),  •  6H2O.  The  corresponding  uranyl  chlorides,  sul- 
fates, acetates,  etc.,  are  readily  prepared.  In  these  salts 
uranium  is  undoubtedly  hexavalent. 

837.  The  Seventh  Group. — Only  one  member  of  the  A  family 
of  the  seventh  group  is  known;  this  is  manganese  (342).  It  is 
a  hard  metal  the  color  of  iron  sind  does  not  tarnish  in  air.  It 
does  not  form  a  hydride.  In  its  common  halogen  compounds 
(true  salts)  it  is  bivalent  Its  corresponding  hydroxide  is 
Mn(OH)a,  an  insoluble  base  which  forms  salts  like  MnBr,, 
Mn(N03)2,  MnSO^,  etc.,  and  an  oxide,  MnO.  Manganese  also 
gives  higher  oxides,  some  of  which  are  acid  anhydrides.  Potas- 
sium manganate,  KaMn04,  soluble  green  crystals,  is  a  salt  of  the 
(unstable)  manganic  acid  HaMn04,  the  anhydride  of  which  would 
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be  MnO].  By  oxidation  fwith  chlorine,  for  example)  solutions 
■oi  manganates  give  permanganates, 

iK;,MnO,+Cl.->-2KCI+jK.iMnO. . 

Potassium  permanganate  (343)  by  treatment  with  sulfuric  acid 
gives  an  explosive  liquid  (danger!)  which  is  very  probably  man- 
ganese heptoxide,  Mn,Oj.  the  anhydride  of  permanganic  acid, 
HMnO,.  In  the  latter  and  its  salts  and  anhydride  manganese 
hits  a  valence  of  seven.  These  compounds  are  all  violent 
oxidizing  agents. 

The  halogen  family.  VIIB,  is  so  well  known  and  the  close 
resemblances  of  its  members  have  been  so  often  referred  to  that 
further  discussion  of  them  would  be  superfluous,  A  few  lines 
may  be  added  touching  the  valence  of  chlorine,  bromine,  and 
iodine  in  their  oxyacids  and  salts.  Fluorine,  it  will  be  recalled, 
docs  not  form  such  compounds.  The  other  three  halogens 
reach  their  maximum  oxygen  valence  in  the  acids  oerchloric, 
HCIO,.  perbromic,  HBrO,,  and  periodic,  HIO,.  These  may  be 
considered  as  derived  from  h\'pothetical  heptoxides,  E,0„  in 
which  the  halogen  has  a  positive  valence  of  seven.  There  is 
thus  an  analogy  between  these  elements  and  mangaiicsc  in  the 
peracids  and  their  salts. 

838.  The  Eighth  Group. — ^An  inspection  of  the  Periodic  Table 

039)  will  show  tlut  the  arrangement  of  the  members  of  the 

ith  group  is  different  from  that  in  any  other  group.     In  this 

ip  there  are  three  lines  of  three  elements  each  in  place  of  the 

tual  A  and  B  columns.     In  first  Hne  we  find  iron,  cobalt,  and 

■cl,  which  are  the  only  common  elements  of  Group  VIII. 

elements  have  many  similar  properties.     First  of  all  it 

be  noted  that  their  atomic  weights  are  all  close  together. 

three  elements  are  all  nietats  and  all  form  salts  of  the  ty^ies 

E(NO,)„  ESO„  E,(POJj,  and  hydroxides  and  oxides 

[OH),  and  EO  respectively.     Li  all  these  compounds  these 

elements  are  bivalent.     However,  iron  ami  to  a  lesser 

it  cobalt  form  hydroxides,  oxides,  and  salts  in  which  they 

trivalcnt.  e.g.,  EfOH)^.  E,Oi.  and  EF,.    The  second  line  of 

eighth  group  contains   the  tha-c  metals  ruthenium,  Ru, 
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rhodium,  Rh,  and  palladium,  Pd,  all  rare  elements  which  dosely 
resemble  one  another.  Recently  an  alloy  of  palladium  with  gold 
has  come  into  use  as  a  substitute  for  platinum  in  the  manufacture 
of  crucibles  and  dishes  for  laboratory  use.  This  alloy  closely 
resembles  platinum  in  its  physical  properties  and  in  its  inertness 
toward  chemical  reagents.  The  elements  of  the  third  line 
osmium,  Os,  iridium,  Ir,  and  platinum,  Pt,  form  another  sub- 
group in  which  the  three  members  are  much  alike.  All  are 
extremely  resistant  to  attack  by  most  chemical  reagents. 
Metallic  osmiiun  is  of  interest  in  that  it  has  the  greatest  density 
of  any  known  substance,  namely  22.5.  It  is  also  extremely 
hard  and  melts  only  at  the  v6ry  high  temperature  of  2500°. 
It  is  also  unique  in  forming  an  easily  volatile  and  extremely 
poisonous  oxide,  OSO4,  a  solution  of  which,  known  as  osmic  acid, 
is  a  very  important  staining  material  for  microscopic  prepara- 
tions.    In  this  oxide  osmium  has  a  valence  of  eight. 

839.  Valence  and  the  Structure  of  Inorganic  Molecules. — 
The  study  of  organic  chemistry  has  made  it  very  clear  that  the 
valence  of  each  element  of  a  compound  can  be  definitely  deter- 
mined only  when  the  structure  (648)  of  the  molecule  of  the  sub- 
stance is  known.  It  is  much  easier  to  discover  the  structural 
formulae  of  organic  compounds  than  of  inorganic.  There  are 
two  reasons  for  this:  first,  a  single  element,  carbon,  forms  the 
backbone,  so  to  speak,  of  all  organic  substances;  and  second, 
the  enormous  number  of  carbon  compounds  makes  it  possible 
to  test  theory  by  fact  in  a  multitude  of  cases.  The  problem  is 
very  different  with  inorganic  compounds,  where  we  must  deal 
with  80  or  more  elements,  any  one  of  which  (excepting  hydrogen, 
oxygen,  and  nitrogen)  forms  but  few  compounds  in  comparison 
with  the  host  of  carbon  derivatives.  Therefore  when  we  attempt 
to  show  the  structure  of  inorganic  molecules  the  element  of  un- 
certainty is  often  great. 

In  writing  graphic  formulae  for  the  chlorides,  oxides,  hy- 
droxides, etc.,  of  the  elements  of  the  first  three  groups  we  are 
on  pretty  safe  groimd,  as  these  formulae  are  very  simple.  For 
common  salt  we  have  only  one  choice,  Na»  CI;  similarly  for  other 
univalent  elements.    If  for  water  (323)  we  write  H*0'H,  for 
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sodium  hydroxide  we  must  write  Na-O-H.  Sodium  oxide, 
NoaO,  must  be  Na-0«Na.  In  the  second  and  third  groups  the 
task  is  nearly  as  easy.  Calcium  chloride  is  of  course  CI-  Ca*  CI, 
and  the  oxide  must  be  simply  Ca=0,  calcium  and  oxygen  both 
being  bivalent.  Calcium  hydroxide  then  is  represented  by 
HO-CaOH. 

In  the  third  group  boron,  which  forms  a  trichloride,  BCI3,  is 
evidently  trivalent.     If  boric  acid,  H3BO3,  is  written 

HOv 
HO— B 

no/ 

the  normal  valences  of  all  three  elements  are  correctly  repre- 
sented. Metaboric  acid,  HBOa,  would  then  be  HO'B=0  and 
sodium  metaborate  (802)  NaO*B  =  0.  Sodium  alumina te, 
NaAlOa  (177),  would  then  be  written  NaO«Al=0,  which  shows 
aluminum  with  its  correct  valence  of  three. 

The  compound  C(0H)4  is  not  known,  but  carbonic  acid, 
which  would  result  from  this  by  loss  of  water,  is  doubtless  cor- 
rectly represented  by 

H( 


>-° 


H( 

which  shows  carbon  with  a  valence  of  four.    The  structure  of 

silicic  acid  is  probably  analogous. 

Nitrogen  pentoxide,  NaOj  (555),  is  the  anhydride  of  nitric 

acid.    We  might  expect  a  hydroxide  N(OH)s  or  HsNOj.    By 

loss  of  water  this  could  form  first  H3NO4  and  then  HNO3.    As 

a  matter  of  fact  a  crystalline  substance,  HN03*HaO,  which  is 

really  H3NO4,  is  actually  known  (541).     For  this  hydrate  we  may 

write  the  formula 

HOv 

HQ-N=0 


and  for  nitric  acid  itself 


HON/ 
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Both  formulae  give  nitrogen  a  valence  of  five.    Orthophosphoric 
metaphosphoric  acids  probably  have  analogous  formulae. 
For  the  two  oxides  of  sulfur  we  write 


0  =  S=OandO=s/ 


respectively,  thereby  assuming  the  valence  of  sulfur  to  be  four 
in  the  first  case  and  six  in  the  second.  The  corresponding  acids 
then  become 

HOv  HOv         yjd 

>S=Oand         >SC 

hq/  HCK    ^ 

The  acids  of  the  seventh  group  of  the  type  HEO4  very 
probably  have  the  structure 

O 


HO-E=0 

II 
O 

with  a  manganese  or  halogen  atom  of  valence  seven. 

Osmium,  the  only  element  of  the  eighth  group  which  forms 
an  oxide,  EO4,  doubtless  has  a  valence  here  of  eight.  If  so  this 
oxide  must  be  represented  thus: 

O 

II 
0==0s=0 

II 

o 

840.  Positive  and  Negative  Valence. — We  have  already  seen 
that  the  valence  of  an  element  is  represented  by  the  number  of 
electrons  each  of  its  atoms  loses  or  gains  when  it  reacts  to  form 
a  compound  (484).  Thus  when  copper  and  chlorine  unite  (246) 
to  form  CuClj  each  atom  of  copper  loses  two  electrons  and  each 
atom  of  chlorine  gains  one.  When  sulfur  burns  to  form  SO3 
(340)  each  atom  of  sulfur  loses  four  electrons  and  each  atom  of 
oxygen  gains  two.  But  when  sulfur  and  hydrogen  combine  to 
form  HaS  it  is  the  hydrogen  which  loses  electrons,  since  this 
element  forms  positive  ions  only  (H"*") ,  and  therefore  each  atom 
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of  sulfur  must  gain  two  electrons.  The  graphic  formulae  of  the 
two  sulfur  compounds  showing  the  distribution  of  charges 
resulting  from  the  transfers  of  electrons  are  as  follows: 


Sulfur  dioxide, 
Hydrogen  sulfide, 


— ++++ — 

o  =  s=o 

+  —  + 
H— S— H 


In  these  formulae  each  plus  sign  indicates  a  loss  of  one  electron. 
In  SO,  the  valence  of  sulfur  is  four;  in  H^S  it  is  two.  But  very 
plainly  these  are  different  kinds  of  valence,  and  we  should  dis- 
tinguish them  by  calling  the  first  a  positive  valence  and  the 
second  a  negative  valence. 

Other  elements  also  exhibit  both  positive  and  negative 
valence.  Thus  phosphorus  in  PH3  (588)  has  a  negative  valence 
of  three  and  in  PCI3  (247,  576)  a  positive  valence  of  three,  while 
in  PClj  it  has  a  positive  valence  of  five. 

TABLE  LIT 


Group 

Compound 

Negative  valence 

Compound 

Positive  valence 

Snm  of +and  — valence. 


IV 


V 


CH,  I        PH3 

CO,,  CCI4       PaOs,  PCI5 

4  '  S 

8  8 


H,S  HCi 

SO3,  H,S04|  HCIO4 

6           '  7 

8  8 


o 
OSO4 
8 
8 


A  very  remarkable  law  can  be  formulated  from  facts  like 
those  brought  out  by  Table  LII.  For  many  elements  of  Groups 
IV  to  Vni  the  sum  of  the  maximum  positive  and  negative  valences 
of  an  element  is  eight. 

841.  Metals  and  Non-Metals. — We  may  now  consider  the 
way  in  which  the  metals  and  the  non-metals  are  distributed  in 
the  Periodic  Table  (829).  In  the  tai)le  the  heavy  line  starting 
between  beryllium  and  boron  and  ending  with  the  boundary 
between  the  seventh  and  eighth  groui)s  separates  all  of  the 
pronounced  non-metallic  elements  from  the  others,  which  are 
all  more  or  less  metallic  in  character.  'Hie  svmi)oIs  of  the  former 
are  printed  in  italics.     It  is  true,  however,  that  a  few  elements, 
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particularly  chromium,  molybdenum,  and  manganese,  thus 
included  with  the  non-metals,  are  in  the  free  state  definitely 
metallic  and  form  salts  with  strong  acids,  e.g.,  Cr2(S04),  and 
Mn(N03)a.  But  it  is  also  a  fact  that  these  elements  all  form 
acids  that  yield  with  bases  typical  salts,  e.g.,  Na2Cr04,  NaaMo04, 
and  KMn04,  and  in  this  respect  the  elements  resemble  the  non- 
metals. 

It  is  particularly  the  non-metallic  elements  segregated  by 
the  heavy  line  of  Table  L  that  exhibit  both  positive  and  negative 
valence.  The  rare  gases  (Group  O)  have  little  in  common  with 
either  the  metallic  or  the  non-metallic  elements. 

842.  Chemical  Activity  and  the  Periodic  Table. — For  prac- 
tical purposes  we  may  define  the  chemical  activity  of  an  element 
as  its  tendency  to  enter  into  combination.  If  one  element 
displaces  another  from  the  solution  of  one  of  its  compounds 
(488-492)  the  first  is  the  more  active  of  the  two.  For  example, 
in  family  lA  the  displacement  order  is  Cu,  Ag,  Au,  and  this  is 
therefore  the  order  of  the  elements  in  respect  to  decreasing 
activity.  For  the  halogen  family,  VilB,  the  displacement  order 
is  F,  CI,  Br,  I,  and  this  again  is  the  order  of  decreasing  activity. 
A  thorough  study  of  the  displacement  tendencies  and  activities 
has  established  the  following  important  generalization:  In 
Groups  I  to  Vn,  inclusive^  in  the  A  families  the  activity  of  an 
element  increases  with  increasing  atomic  weight;  in  the  B  series 
activity  decreases  as  the  atomic  weight  increases.  In  accord  with 
this  law  the  greatest  activities  are  found  in  the  elements  caesium, 
Cs,  at  the  bottom  of  lA  and  fluorine  at  the  top  of  VHB.  It  is 
also  important  to  note  further  that  the  valence  of  caesium  in 
its  compounds  is  positive,  while  that  of  fluorine  is  negative. 

On  the  other  hand,  the  least  active  elements  are  met  with  at 
the  bottom  of  Group  VIII  in  the  metals  Os,  Ir,  and  Pt,  and  at 
the  top  of  Group  O,  where  we  find  helium  an  element  of  no 
chemical  activity  and  so  little  physical  affinity  (cohesion)  that 
in  liquid  form  it  has  the  lowest  boiling-point  of  all  the  elements 
and  is  the  only  element  that  has  not  been  solidified. 

843.  Periodic  Properties. — ^We  have  now  discussed,  as  far 
as  the  limits  of  this  text  will  permit,  the  ways  in  which  the 
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properties  of  the  elements  change  as  we  p)ass  from  element  to 
element  in  each  family  and  from  family  to  family  and  groiq>  to 
group  in  the  table.  It  now  remains  to  call  attention  to  the 
remarkable  manner  in  which  the  properties  of  the  elements 
change  as  we  pass  through  the  table  from  period  to  period  in  the 
order  of  increafing  atomic  weights.  The  periodic  fluctuation  of 
properties  is  most  easily  exhibited  by  means  of  a  diagram  or 
graph.  Let  us  take  for  illustration  the  variation  of  atomic 
volume  (823)  with  atomic  weight.  In  Fig.  116  the  atomic  vol- 
umes are  plotted  on  the  vertical  axis  and  the  atomic  weights 
on  the  horizontal  axis.  The  result  is  a  very  remarkable  graph, 
in  which  each  period  is  represented  by  a  crude  U-sIuq)ed 
curve.  We  see  that  there  is  a  periodic  repetition  of  like  properties 
as  we  pass  along  the  graph.  If  we  should  plot  in  a  similar  way 
any  one  of  many  other  properties  of  the  elements,  for  instance 
the  melting-points  or  the  compressibilities,  we  obtain  periodic 
curves  (graphs)  of  more  or  less  similar  forms.  These  facts  are 
summarized  by  the  statement  first  made  by  the  great  Russian 
chemist  Mendelejeff :  The  properties  of  the  elements  are  periodic 
functions'  of  their  atomic  weights.  This  means  that  the  atomic 
weight  of  an  element  determines  its  properties.  This  is  plain  if 
we  note  that  the  place  of  any  element  in  the  Periodic  Table  is 
fixed  by  its  atomic  weight,  and  that  the  properties  of  the  element 
are  indicated  by  its  position  in  the  table.  Among  the  pr<^)erties 
of  elements  which  show  periodic  relations  we  may  mention 
valence,  chemical  activity,  melting-  and  boiling-temperatures, 
conductivity  for  heat  and  for  electricity,  hardness,  etc. 

844«  ffistory  of  tiie  Periodic  System. — The  family  relation- 
ships of  the  elements  began  to  be  discovered  long  before  the 
Periodic  Table  as  a  whole  was  developed*  As  early  as  1829 
Dobreiner  pointed  out  the  existence  of  triads  of  elements,  such 
as  CI,  Br,  I;  Li,  Na,  K;  and  Ca,  Sr,  Ba,  in  which  the  atomic 
weight  and  other  properties  of  the  middle  element  of  the  triad 
were  dose  to  the  mean  of  the  other  two.  As  time  went  on 
other  families  and  their  relations  were  recognized.     The  first 

*  The  tenn  functkiD  b  much  used  in  mathematics.    If,  for  namplr,  the 
ol  x  it  dfrf***^»  00  the  value  of  y,  then  x  is  said  to  be  a  functkm  of  y. 


S6o 
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attempt  to  arrange  all  of  the  elements  in  a  single  table  was  made 
by  Newlands  in  1864-66.    A  little  later  (1869-70)  MendelejeS 


published  a  table  almost  in  the  form  of  Table  L.     There  were 
several  places  left  vacant  by  Mendelejeff  for  elements  as  yet 
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undiscovered,  and  the  whole  zero  group  was  of  course  absent, 
as  none  of  these  elements  was  discovered  until  many  years  later. 
It  was  MendelejeflF  who  pointed  out  many  of  the  relations 
between  the  properties  of  the  elements  in  essentially  the  form 
discussed  in  this  chapter  and  drew  the  far-reaching  conclusion 
that  the  properties  of  the  elements  are  periodic  functions  of  their 
atomic  weights.  This  statement  is  known  as  the  periodic  law. 
The  German  chemist  Lothar  Meyer  also  discovered  the  periodic 
law  independently  and  published  a  periodic  table  closely  resem- 
bling that  of  MendelejeflF  very  shortly  after  the  api>earance  of 
the  latter's  table. 

845.  The  Vacant  Places  of  MendelejefPs  Table.— In  Men- 
delejeflf's  table  the  spaces  now  occupied  by  scandium,  gallium, 
and  germanium  were  left  vacant.  He  very  boldly  took  the  stand 
that  these  places  represented  elements  still  to  be  discovered.  In 
fact,  his  description  of  these  undiscovered  elements,  which  he 
called  ekaboron,  ekaluminum,  and  ekasilicon  respectively,  was 
so  complete  and  accurate  that  chemists  knew  just  how  these 
elements  would  behave  if  present  in  mixtures  with  other 
elements.  In  other  words,  they  knew  in  just  what  sorts  of 
chemical  residues  to  expect  these  new  elements,  and  it  was  not 
long  until  all  three  had  been  found.  In  1875  Lecoq  de  Bois- 
baudran  discovered  ekaluminum  and  called  it  gallium  (from 
Gaul,  in  honor  of  France);  in  1879  Nilson  discovered  ekaboron 
and  called  it  scandium  (for  Scandinavia);  and  in  1886  Winkler 

TABLE  LI  1 1 

Mlndelejeff's  Predictions,  187 i  Winkler's  Observations,  1886 

Ekasilicon;  Es=72  Germanium;  00=72.5 

Melal;  density  5.5  Metal;  density  5.47 

Oxide,  EsOa;  density  4.7  Oxide,  GeOj;  density  4.7 

Chloride,  ESCJ4;  density  i  q  Chloride,  GeCl,;  density  i  .887 

Chloride  should  boil  below  100°        Chloride  boils  at  86° 
Fluoride,  EsF^;  not  gaseous  riuoride,  OeF^;  solid 

Sulfide,  EsSj;    insoluble  in  water.     Sulfide,  GeSa;  insoluble  in  water, 
but  soluble  in  ammonium  sulfide        but  soluble  in  ammonium  sulfide 
Tetra  ethyl  compound,  Es(CJl5)4;    Tetra  ethyl  compound,  GeCCaHj)^; 
density  o.(X>;  boiling-point  160°        density  a  little  less  than  water; 

boiling-|K)int  160° 
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discovered  ekasilicon,  which  he  named  germanium  (for  Germany). 
In  Table  LIII  some  of  the  properties  of  the  last-named  element 
are  set  down  opposite  those  predicted  by  MendelejeflF. 

MendelejefT  also  predicted  the  existence  of  ekamanganese 
with  atomic  weight  about  100,  but  this  element  remains  as  yet 
unknown. 

When  radiimi  (480)  was  discovered  by  Mme  Curie  and  its 
atomic  weight  was  determined  to  be  226  it  was  at  once  placed  at 
the  bottom  of  IIA  as  a  member  of  the  alkaline  earth  family,  of 
which  its  chemical  properties  (see  chap,  xxxii)  show  it  to  be  a 
member.  The  zero  family  of  the  Periodic  Table  was  added  by 
Ramsay  after  the  discovery  of  the  inert  gases  (791-798)  and 
served  to  round  out  the  system  in  an  unexpected  but  most 
satisfactory  and  suggestive  fashion. 

846.  The  Rare  Earths  and  the  Periodic  Table.— The  fitting 
of  the  rare  earths  (820)  into  the  Periodic  Table  presents  a  diffi- 
culty that  is  not  yet  very  satisfactorily  solved.  These  ele- 
ments, as  we  have  seen,  are  all  trivalent  in  their  characteristic 
compounds  and  all  much  alike  in  their  properties.  They  plainly 
form  one  large  family  quite  as  homogeneous  as  any  other.  Only 
the  first  member,  lanthanum.  La,  and  possibly  also  the  second, 
cerium,  Ce,  fall  into  their  proper  places  when  these  elements  are 
arranged  in  the  order  of  their  increasing  atomic  weights.  The 
problem  of  the  position  of  the  rare  earths  in  the  table  is  an 
interesting  one  that  still  awaits  solution. 

847.  The  Position  of  Hydrogen  in  the  Periodic  Table. — As 
the  Periodic  Table  is  usually  written  hydrogen  is  not  included. 
The  chemistry  of  hydrogen  is  so  unique  that  this  element  is  in 
reality  in  a  class  by  itself.  Its  positive  valence  of  one  suggests 
a  place  in  the  first  group ;  but  solid  hydrogen  (296)  is  not  metallic 
and  bears  no  physical  resemblance  to  the  elements  of  Group  I. 
A  critical  discussion  of  the  position  of  hydrogen  in  the  periodic 
system  would  carry  us  beyond  the  scope  of  this  text. 

848.  Two  Striking  Anomalies. — In  Table  L  there  are  two 
striking  anomalies:  argon  with  an  atomic  weight  of  39.9  pre- 
cedes potassium  with  a  value  of  39.10;  and  tellurium,  127.5, 
precedes  iodine,  126 .9.    Before  the  discovery  of  argon  the  case 
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of  tellurium  and  iodine  was  unique,  and  for  a  long  time  chemists 
were  inclined  to  think  that  the  then  accepted  values  of  the  atomic 
weights  of  these  two  elements  were  in  error,  for  it  seemed 
incredible  that  there  should  be  an  exception  to  a  law  that  held 
SO  consistently  for  all  other  known  elements.  It  was,  of  course, 
out  of  the  question  to  place  iodine  before  tellurium,  for  this 
would  bring  iodine  in  VIB  with  sulfur  and  selenium  (815)  and 
place  tellurium  among  the  halogens!  It  was  pos^ble  that 
either  or  both  of  the  elements  used  in  early  atomic-weight 
determinations  were  impure,  or  that  methods  of  analysis  were 
faulty,  and  that  in  consequence  the  atomic  weight  of  iodine 
should  be,  in  reality,  greater  than  that  of  tellurium.  The 
scientific  importance  of  the  problem  thus  presented  made 
chemists  realize  the  need  of  detennining  atomic  weights  of  all 
elements  with  the  greatest  possible  accuracy.  As  a  result  some 
of  the  world's  most  skilled  chemists  have  given  their  best  eftorts 
to  such  work.  In  the  cases  of  the  two  elements  under  discussion 
the  final  and  universally  accepted  results  are 

^B  Tellurium=i37  5 

^^  Iodine       =126.92 

and  we  are  therefore  forced  to  conclude  that  fhe  position  of  an 
element  in  tlie  Periodic  Table  is  not  of  necessity  strktly  fixed  by  its 
atomic  -u-eighl.  The  more  recently  discovered  case  of  argon  and 
potassium  serves  to  confirm  this  conclusion, 

A  discovery  made  by  Mosely  in  1914  and  diseased  in  the 
following  chapter  has  thrown  a  new  light  on  this  whole  matter. 
This  discovery  consists  in  nothing  less  than  the  finding  of  a 
property  of  the  elements  more  fundamental  than  their  atomic 
weights,  namely,  their  atomic  numbers.  If  the  elements  are 
arranged  according  to  these  numbers  the  two  anomalies  dis- 
appear and  every  other  element  falls  in  its  correct  position. 
But  this  is  another  story,  which  finds  its  logical  place  in  the 
following  chapter. 

849.  The  Newer  Tables:    The  Harkins  Table. — Since  the 

Blline  of  Mendelejeff  many  other  tables  have  been  arranged. 

fHTe  shall  have  space  to  present  only  one  of  these,  namely,  that 
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of  Professor  W.  D.  Ilarkins.  This  table  should  be  of  particular 
interest  to  those  who  exj^ect  to  specialize  in  chemistry,  since  it 
shows  the  relationships  between  the  elements  much  more  clearly 
than  does  the  Mendelejeff  table.  Fig.  117  is  a  projection  of  a 
space  model  of  the  table. 

The  elements  are  arranged  about  a  continuous  helix  in  such 
a  way  that  those  of  the  same  family  are  in  the  same  vertical 
column.  In  the  actual  model  the  path  of  the  helix  is  indicated 
by  a  heavy  wire  connecting  balls  which  are  lettered  with  the 
symbols  of  the  elements  w^hich  they  represent.  The  families 
(831)  are  also  connected  by  heavy  vertical  rods  of  brass,  which 
thus  form  the  supporting  structure  of  the  model.  Each  unit 
of  atomic  weight  is  represented  by  i  cm.  vertical  distance  on  the 
spiral  (see  scale  at  the  side  of  Fig.  117).  The  elements  are 
arranged  in  the  order  of  their  atomic  numbers. 

The  helix  begins  with  hydrogen,  which  is  uniquely  placed 
at  the  top  of  the  table.  Next  the  helix  descends  to  the  posi- 
tion of  helium  and  makes  a  big  loop,  coming  back  to  neon,  which 
is  of  course  just  under  helium.  On  this  loop  are  found  the 
elements  of  the  first  period  of  the  Mendelejeff  table,  namely 
lithium,  beryllium,  boron,  carbon,  nitrogen,  oxygen,  and  fluorine. 
After  arriving  at  the  position  of  neon  the  helix  makes  another 
big  loop  back  to  argon,  and  on  this  are  the  elements  of  the 
second  period  of  the  Mendelejeff  table.  These  are  sodium, 
magnesium,  aluminum,  silicon,  phosphorus,  sulfur,  and  chlorine. 
From  argon  the  helix  passes  next  to  potassium,  calcium,  scan- 
dium, and  titanium;  then  it  begins  the  first  inner  loop,  passing 
successively  through  the  positions  of  vanadium,  chromium, 
manganese,  iron,  cobalt,  nickel,  copper,  zinc,  and  gallium  before 
returning  to  the  outer  loop  at  the  position  of  germanium.  Next 
the  helix  takes  a  full  outer  turn  through  the  positions  of  arsenic, 
selenium,  bromine,  kr>pton,  etc. 

If  we  continue  following  the  helix  we  find  that  the  first  four 
A-family  elements  and  the  last  four  B-family  elements  are  on 
the  outer  loops,  together  with  the  zero  group.  The  second  four 
A-family  elements,  the  eighth  group,  and  the  first  four  B-family 
elements  are  on  the  inner  loops.    This  brings  corresponding  A 
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and  B  families  together  in  a  very  ingenious  way.  At  the  bottom 
of  the  model  a  dotted  line  is  traced  to  show  the  relative  i>ositions 
of  the  inner  and  outer  loops.  It  will  be  noticed  that  the  inner 
loops  spring  from  the  outer  at  the  fourth  group,  and  that  from 
that  point  the*  distance  between  the  two  increases,  becoming 
greatest  between  the  zero  and  the  eighth  group.  The  rare 
earths  are  placed  on  the  vertical  column  of  IIIA|  since  their 
chemical  properties  show  them  to  be  closely  related  to  this 
family.  The  last  loop  of  the  helix  represents  the  positions 
of  the  radioactive  elements,  which  will  be  discussed  in  the 
next  chapter. 

This  table  has  the  advantage  of  representing  the  elements  in 
a  continuous  series.  It  also  shows  the  relationship  of  the  A  and 
B  famih'es  more  plainly  than  does  the  Mendelejeff  table.  The 
vacancies  in  this  table  are  for  atomic  nimibers  as  yet  unassigned 
to  any  element,  and  there  is  therefore  a  very  strong  probability 
that  elements  will  be  found  to  occupy  these  places.  This  was  of 
course  not  true  of  many  of  the  vacant  spaces  of  the  Mendelejeff 
table.  Professor  Harkins  counts  hydrogen  and  helium  as  the 
first  period  and  calls  it  the  zero  period.  The  subsequent  periods 
he  counts  as  beginning  with  the  alkalies  and  ending  with  the 
noble  gases.  Thus,  period  one  would  begin  with  lithium  and 
end  with  the  neon. 

850.  Summary. — In  this  chapter  we  have  discussed  a  system 
of  classification  which  brings  all  the  elements  into  a  single  table 
(Table  L,  829),  in  which  the  individuals  are  arranged  in  nine 
groups  (vertical  columns)  and  seven  periods  (horizontal  rows). 
The  first  two  periods  are  short  ones,  the  others  long  (829) ;  and 
in  the  latter  the  elements  of  Group  I  to  VII  are  further  classified 
into  A  and  B  subgroups  or  families  (831) .  In  the  first  two  (short) 
periods  the  elements  of  Groups  I  and  II  belong  to  the  correspond- 
ing A  families  (831,  832),  while  in  the  same  periods  the  members 
of  Groups  VI  and  VII  are  B-family  elements  (836,  837).  The 
first-  and  second-period  members  of  Groups  III,  IV,  and  V  may 
be  classed  with  either  the  respective  A  or  B  families. 

In  the  periodic  system  of  arrangement  most  of  the  properties 
of  elements  and  their  compounds  vary  gradually  as  we  pass 
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from  one  element  to  its  neighbor  in  the  taWe.  This  is  true 
whether  we  pass  from  top  to  bottom  of  the  vertical  columns, 
considering  each  family  separately,  or  pass  through  any  one  of 
the  seven  periods  in  the  order  of  increasing  atomic  weights. 
Within  a  given  family  the  properties  change  in  a  systematic 
tBanner  in  such  a  way  tJiat  a  knowledge  of  the  chemical  properties 
and  the  behavior  of  a  given  member  can  be  deduced  from  those 
of  each  of  its  nearest  relations.  This  is  one  of  the  most  impor- 
tant facts  about  the  periodic  system.  Furthermore  in  each 
period  we  find  a  recurrence,  in  like  order  but  of  different  degree, 
of  the  properties  that  appear  in  all  the  periods.  In  consequence, 
if  we  plot  the  graph  of  any  given  property,  taking  the  elements 
in  serial  order  (in  the  order  of  increasing  atomic  numbers,  848), 
we  get  a  periodic  curve  more  or  less  closely  resembling  in  form 
that  for  atomic  volumes  shown  in  Fig.  116.    These  facts  are 

tomized  in  the  periodic  law  of  Mendelejeff:  'TAe  properties 
the  elements  are  periodic  Junctions  oj  their  atomic  wetglits." 

The  simple  and  systematic  way  in  which  valence  (both  posi- 
tive and  negative)  changes  from  group  to  group  (Sag,  840)  is  one 
of  the  most  striking  and  useful  facts  brought  out  in  this  chapter, 
and  one  that  should  be  firmly  fixed  in  the  mind  of  every  chemist. 

Finally  the  Periodic  Table  is  of  great  value  to  all  students  of 
chemistry  in  presenting  to  them  a  bird's-eye  view  of  all  the 
elements.  In  so  doing  it  furnishes  a  mass  of  evidence  for  the 
unity  of  matter  in  the  sense  indicated  earlier  (470,  482),  as  will 
be  discussed  more  fully  in  the  following  chapter.  It  seems  to 
set  a  limit  to  the  possible  number  of  elements  and  also  to  indicate 
the  nature  of  the  yet  undiscovered  ones.  Of  more  practical 
importance  than  all  else  the  table  makes  possible  a  system  of 
classification  for  an  enormous  number  of  chemical  facts  and  thus 
permits  through  its  mastery  an  orderly  arrangement  of  the 
that  constitutes  the  science  of  chemistry. 


CHAPTER  XXXn 

RADIOACnVITY  AND  THB  NATURB  OF  MATTER 

851.  Introduction. — ^The  study  of  the  history  of  chemistry 
shows  very  plainly  that  the  rapid  growth  of  chemical  knowledge 
was  in  no  small  measure  due  to  the  innumerable  attempts  of 
the  alchemists  to  convert  the  base  metals  into  gold.  Before  the 
dawn  of  scientific  chemistry  belief  in  the  possibility  of  trans- 
mutation of  the  elements  was  nearly  universal.  As  time  went 
on  and  the  facts  and  ideas  discussed  in  the  early  chapters  of  this 
book  became  known,  alchemy  merged  gradually  into  chemistry, 
which  soon  became  a  science  as  well  as  an  art.  With  the  science 
of  chemistry  came  the  conviction  that  the  elements  were 
immutable  kinds  of  matter,  and  that  transmutation  was  a 
myth  consisting  of  nothing  more  substantial  than  the  hopes  of 
the  avaricious  or  the  cupidity  of  charlatans. 

After  some  years  of  disrepute  new  life  was  injected  into  the 
old  idea  in  18 14  by  a  suggestion  of  Prout.  This  Englishman 
called  attention  to  the  fact  that  the  atomic  weights  of  the 
gaseous  elements  were  whole  numbers  and  therefore  even  mul- 
tiples of  the  atomic  weight  of  hydrogen  and  expressed  the  opinion 
that  the  atoms  of  other  elements  were  made  up  of  atoms  of 
hydrogen.  This  idea  came  to  be  known  as  Prout's  hypothesis. 
The  first  defeat  for  the  hypothesis  came  when  it  was  proved  that 
the  atomic  weight  of  chlorine  was  35 .5.  Prout  now  claimed  a 
half-atom  of  hydrogen  as  the  unit.  Later  work  on  atomic 
weights  (see  Table  XLI,  800)  proved  even  this  half-size  imit  too 
large  if  the  hypotheses  were  to  be  applied  to  all  elements.  On 
the  whole  Prout  had  but  few  supporters.  Nevertheless  it  is  an 
incontestable  fact  that  for  many  elements  the  atomic  weights 
are  much  nearer  whole  numbers  than  can  be  accounted  for  by 
chance. 

The  discovery  of  the  periodic  law  furnished  new  and  to 
many  the  most  convincing  evidence  that  all  elements  are  but 
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ntodilications  of  one  primilivt;  fonn  of  matter.  But  no  satis- 
factoO'  theory  of  the  nature  of  matter  and  the  interrelations  of 
elements  was  developed  until  the  knowledge  of  the  main  facts 
of  radioactivity  (480)  had  led  to  the  disintegration  hypothesis 
their  most  plausible  explanation.  Since  the  discovery  of 
and  radioactive  phenomena  has  furnished  the  key  to 
one  of  nature's  most  profound  mysteries  we  shall  devote  the 
present  chapter  to  an  account  of  this  subject.  The  story  of 
the  discovery  of  radium  is  most  instructive  in  illustrating  the 
way  in  which  scientific  advances  of  the  greatest  significance  often 
result  from  the  thorough  investigation  of  phenomena  that  seem 
triN-ial  to  persons  who  call  themselves  practical.  We  shall  there- 
fore relate  the  facts  in  their  historical  sequence. 

852.  The  X-Rays  and  Phosphorescence. — The  X-ray  appa- 
ratus has  already  been  described  (476),  and  it  has  been  men- 
tioned that  the  X-rays  are  produced  when  the  cathode  rays 
strike  the  target.  It  has  also  been  slated  that  the  cathode 
rays,  non-luminous  themselves,  cause  the  glass  walls  of  a  cathode- 
ray  tube  to  glow  with  a  greenish-yellow  phosphorescence.  Thus 
there  seemed  to  be  a  causal  relation  between  phosphorescence 
and  X-rays.  This  supposed  relationship  was  made  the  subject 
of  an  extensive  and  thorough  investigation  by  Henri  Becquerel, 
professor  of  physics  at  the  Sorbonne  (Univt-rsity  of  Paris).  It 
had  long  been  known  that  a  number  of  substances  gave  out  a 
faint  phosphorescent  light  for  some  time  after  exposure  to  any 
bright  light.  All  such  phosphorescent  substances  were  carefully 
examined  by  Becquerel  to  learn  if  these  glowing  bodies  gave  out 
KK-T^ys.  The  latter  have  the  same  effect  on  photographic  plates 
ttat  light  has,  but  they  can  pass  directly  through  lightproof 
paper.  Accordingly  Becquerel  tested  the  effect  of  these  phos- 
phorescent substances  on  plates  wrapped  in  black  paper.  None 
showed  any  indication  of  the  produttion  of  X-rays,  with  one 
exception :  this  was  potassium  uranyl  sulfate,  K,U0,{S04),  •  4H,0, 
a  salt  of  the  rather  uncommon  element  uranttun  (836). 

853.  The  Becquerel  Rays. — Not  only  did  the  above- 
mentioned  uranium  salt  give  out  rays  that,  Uke  X-rays,  pene- 
trated black,  lightproof  paper  and  acted  on  a  photographic 
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plate  while  phosphorescing  after  it  had  been  exposed  to  sun- 
light, but  the  salt  showed  equal  photoactivity  if  prepared  and  also 
tested  wholly  in  the  dark,  under  which  condition  it  did  not  phos- 
phoresce. Furthermore  all  other  uranium  compounds  tested 
showed  similar  plwtoactivity,  although  they  were  not  phos- 
phorescent even  if  previously  exposed  to  light.  Obviously 
these  new  rays,  called  at  first  Becquerel  rays,  were  not  caused 
by  phosphorescence  but  were  produced  by  the  element  uranium 
in  all  forms  of  chemical  combination. 

854.  Ionization  of  Air  by  Becquerel  Rays. — It  was  also  soon 
discovered  that  Becquerel  rays  ionize  air  (770),  so  that  by 
means  of  the  discharge  of  a  gold-leaf  electroscop)e  the  activity 
of  a  substance  could  be  tested  much  more  readily  than  by 
the  photographic  method.  A  convenient  form  of  electroscope 
suitable  for  projection-lantern  experiments  is  shown  in  Fig.  109 
(770).  Two  parallel  sides  are  made  of  glass  plates;  the  rest  of 
the  case  is  of  metal.  A  wire  passes  through  the  amber  plug 
insulator  and  ends  in  a  brass  strip  6  to  8  mm.  wide  and  5  or  6  cm. 
long.  A  single  leaf  of  gold  or  aluminum  is  attached  to  the  brass 
strip,  as  shown  in  the  figure.  The  electroscop)e  may  be  charged 
by  means  of  an  ebonite  rod,  celluloid  comb,  foimtain-pen  holder, 
etc.,  electrified  by  being  rubbed  with  a  piece  of  woolen  cloth. 
The  uranium  compound  is  held  within  2  or  3  cm.  of  the  end  of 
the  wire  carrying  the  gold-leaf  system.  The  rate  of  discharge 
of  the  electroscope  under  fixed  conditions  is  a  measure  of  the 
intensity  of  the  Becquerel  rays. 

855.  The  Discoveries  of  Mme  Curie. — ^Becquerel's  dis- 
covery of  the  rays  known  by  his  name  was  published  in  1896, 
about  two  years  after  Roentgen  had  discovered  X-rays.  At 
about  this  time  Becquerel  suggested  to  Mme  Curie,  the  brilliant 
wife  of  Becquerel's  colleague.  Professor  Curie,  that  the  investiga- 
tion of  natural  uranium  minerals  should  prove  interesting. 
Mme  Curie's  experiments  soon  showed  that  all  uranium  minerals 
were  photographically  active;  they  were  considerably  more 
active  in  ionizing  air  than  one  would  expect  from  their  uranium 
content.  This  fact  seemed  to  suggest  that  the  larger  part  of 
the  activity  of  the  minerals  was  eliminated  during  the  chemical 
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treatment  used  in  making  the  pure  uranium  compounds.  Search 
was  therefore  made  for  other  active  substances  among  the 
by-products  of  the  preparation  of  uranium  salts;  whereupon  it 
was  discovered  that  the  small  amount  of  barium  extracted  from 
the  waste  materials  was  many  times  as  active  as  any  pure 
uranium  salt,  notwithstanding  the  fact  that  ordinary  barium 
salts  were  entirely  inactive. 

856.  The  Discovery  of  Radium. — After  considerable  quanti- 
;iis  of  active  barium  chloride  had  been  extracted  from  uranium 
mineral  residues  Mme  Curie  undertook  to  separate  from  the 
barium  the  new  substance  to  which  she  attributed  the  acti\-ity. 
She  found  that  if  a  hot,  saturated  solution  of  the  active  barium 
chloride  was  allowed  to  cool  about  half  of  the  dissolved  salt 
crystallized  out,  but  these  crystals  contained  70  per  cent  or 
more  of  the  active  material.  Thus  the  crystals  were  appre- 
ciably richer  in  the  active  matter  than  the  original  material. 
By  repeated  recrystallization  of  the  crystals  that  separated  in  this 
.way  Mme  Curie  finally  obtained  a  product  that  was  thousands 

times  more  active  than  an  equal  weight  of  a  uranium  salt. 

lis  product  was  still  largely  barium  chloride;  but  that  it  also 
contained  a  new  element  was  shown  conclusively  by  the  fact 
that  its  spectrum  {786)  contained  in  addition  to  those  of  barium 
several  lines  not  belonging  to  any  known  element.  It  was 
therefore  certain  that  a  new  element  had  been  discovered,  and 
it  seemed  probable  that  it  was  this  element  which  had  produced 
the  powerful  Becauerel  rays  that  caused  the  photoactivity  and 
ionizing  power  of  the  material.  On  account  of  its  ability  to 
send  out  rays  or  radiations  Mme  Curie  named  the  supposed 
new  element  radium. 

The  next  problem  was  to  free  the  radium  salt  from  the  accom- 
panying barium.  This  was  finally  accomplished  by  a  long  series 
of  crj'Stallizations  of  the  chlorides  of  the  barium-radium  mixture. 
Finally  pure  radium  chloride  free  from  barium  was  obtained.  It 
Wiis  a  white  cr\'slaiiine  salt  closely  resembling  barium  chloride 
in  appearance.  Its  activity,  called  now  radioactivity,  was  two 
or  three  million  times  as  great  as  that  of  an  equal  weight  of  a 
uranium  salt 
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857.  The  Atomic  Weight  of  Radium  and  Its  Podtioii  in  ttie 
Periodic  Table. — If  an  element  does  not  form  volatile  com- 
pounds its  atomic  weight  cannot  be  determined  by  means  of  the 
law  of  minimum  weights  (64) ;  and  if  it  is  not  obtainable  in  con- 
siderable quantity  in  uncombined  solid  form  the  method  based 
on  the  law  of  Dulong  and  Petit  (229)  is  also  imavailable.  One 
might  make  use  of  a  method  based  on  direct  or  indirect  deter- 
mination of  the  osmotic  pressure  of  a  solution  (717-722),  but 
this  involves  a  complication  in  case  an  ionized  salt  is  used.  As 
none  of  the  ways  just  mentioned  could  be  applied  in  the  case  of 
radium,  of  which  but  a  fraction  of  a  gram  was  available  and  that 
worth  thousands  of  dollars  in  its  cost  of  preparation,  other  means 
of  fixing  its  atomic  weight  were  used. 

If  we  analyze  a  chloride  of  a  new  element  and  find  its  per- 
centage composition,  one  additional  fact  must  be  known  in 
order  to  fix  the  atomic  weight  of  the  element,  namely,  its  valence. 
But  if  we  can  discover  to  what  group  of  the  Periodic  Table  the 
new  element  belongs  we  can  of  course  infer  its  valence  (839). 
We  have  seen  that  radium  resembles  barium  so  closely,  in  some 
respects  at  least,  that  the  separation  of  the  chlorides  of  the  two 
elements  is  very  difficult.  This  indicates  that  radium  is  a  mem- 
ber of  the  alkali  earth  group  containing  calciimi,  strontium,  and 
barium  (824,  832).  Furthermore  it  was  foimd  that  radium  also 
resembles  barium  in  the  following  respects:  its  carbonate  is 
insoluble  in  water,  its  sulfate  is  insoluble  in  water  and  in  strong 
acids,  and  its  hydroxide  is  soluble,  since  radium  chloride  solution 
gives  no  precipitate  with  either  ammonia  or  sodium  hydroxide. 
Furthermore  the  free  element  cannot  be  deposited  on  a  platinum 
electrode  from  a  water  solution  by  electrolysis.  It  therefore 
seemed  very  probable  that  radium  was  a  second-group  element 
and  had  a  valence  of  two.  The  analysis  of  the  pure  chloride 
was  made  by  Mme  Curie;  the  result,  with  an  assumed  valence  of 
two,  led  to  a  calculated  atomic  weight  of  226.  Since  the  space 
in  the  Periodic  Table  (829)  corresponding  to  this  atomic  weight 
was  vacant,  no  doubt  remained  of  the  correctness  of  the  atomic 
weight  assigned  to  the  new  element. 
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W    858.  The  Alpha  Rays.— It  has  already  been  stated  that 

radium  emits  three  kinds  of  rays,  designated  as  alpha,  beta,  and 

gamma,  although,  strictly  speaking,  only  the  last  named  is  a  true 

radiation  (that  is,  a  vibration  in  the  luminous  ether),  since  the 

alpha  rays  are  atoms  of  helium  (795)  and  the  beta  rays  electrons 

(480).    Entirely  reliable  experiments,  which  are  too  intricate 

to  be  described  here,  have  shown  that  the  alpha  particles,  as  we 

shall  now  call  them,  are  shot  out  from  radioactive  atoms  with 

velocities  of  5,000  to  12,000  miles  a  second-     They  travel  in 

straight  Unes  through  air  for  distances  (called  their  ranges)  of 

3  to  8  cm.  before  they  slow  down  to  the  average  velocity  of  air 

molecules  (about  one-fourth  of  a  mile  a  second,   197).    The 

alpha  particle  of  radium  has  a  range  of  3.5  cm.,  and  in  this 

distance  it  collides  with  many  thousands  of  air  molecules;   but 

-instead  of  rebounding  as  an  elastic  body  and  changing  its  direc- 

k)n  after  each  collision  the  helium  atom  constituting  an  alpha 

irticle  passes  straight  through  the  air  molecule,  as  a  rule,  with- 

'  out  changing  its  direction  of  motion.     This  fact  furnishes  the 

most  convincing  evidence  that  molecules  are  not  solid  but  are 

made  up  of  a  group  of  -widely  spaced  particles,  llie  electrons  (470, 

483).    It  is  the  alpha  particles  which  cause  the  major  part  of 

the  ionization  of  air  exposed  to  radium  rays.    Each  alpha  particle 

leaves  in  its  wake  thousands  of  ions:  each  ion  is  an  air  molecule 

Hfrom  which  an  electron  has  been  detached,  leaving  a  positive  ion; 

^Hr  lo  which  a  detached  electron  has  united,  forming  a  negative 

^Bpi.    All  ail  ions  carry  single  electric  charges  only.    .AJpba 

^Htf  tides  are  easily  stopped  by  thin  sheets  of  any  solid  substance, 

^Huih  as  paper,  glass,  or  metal. 

^~  Proof  that  the  alpha  rays  are  helium  atoms  was  conclusively 
furnished  in  the  following  way:  Rachum.  contained  in  a  scaled 
glass  tube  with  walls  so  thin  that  the  alpha  particles  could  barely 
pass  through,  was  surrounded  by  a  sheet  of  lead  which  completely 
stopped  the  particles.  After  several  hours  the  lead  was  removed 
and  scaled  in  a  larger  glass  tube  having  wires  for  the  passage  of 
fctric  sparks.  The  lead  was  then  melted  by  heating  the  glass 
,  this  set  free  the  helium  atoms  that  were  imbedded  in  the 
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\v.n<\,  as  wjis  jirovi-fl  by  the  fact  that  on  passing  an  electric  dis- 
ihiirKc  through  the  lube  the  spectrum  of  helium  was  easily 
re<c»i;niz<-il  l»y  otiservatiun  with  a  spectrosctqw  (785). 

859.  Luminous  Effect  of  the  Alpha  Rays. — \i\xn  alpha  rays 
strike  it  s<  rcca  loviTcd  with  a  layer  of  a  specially  prepared  form 
of  irystalline  zinc  sulfide,  ZnS,  a  pale  phosphorescent  light  is 
jiroihunl.  Luminous  watch  dials,  which  have  recently  become 
so  |Mi|iiil;ir,  arc  pruiluccd  on  this  principle.  From  one  to  ten 
p;ir1s  uf  ndiuni  to  ti.-n  thousand  parts  of  zinc  sulfide  are  used  in 
inuking  the  luminous  paint  for  such  purposes.    Radium  luminous 


\\\\\\\  \v;is  oxloiisivoly  usi.h1  in  the  war  for  making  luminous  dials 
lor  juTopUmo  iiismum'nts,  submarine  instruments,  trench  com- 
pLiSM-s,  pun  siirhts,  etc. 

If  otio  views  in  the  dart,  by  means  ol  a  good  lens,  a  zinc 
suhiiU"  siTrt'n  exivsiil  to  alph.i  rays  from  a  minute  amount  of 
riiilitini  a  very  l'e.iiitilul  oiiect  will  Iv  seen.  Instead  01  a  uniiorm 
.cli'w  s]*,irks  of  lijiht  will  be  si-en  appearing  here  and  there 
.i(  r.in.!.'-'.i  over  the  sorivn.  It  is  now  certain  that  «*-i  jjV. 
■.'.:.«';  .■  ,:;■■;;  ;,(  ;■";<•  n-,«:i.','  .y  .''V  s:riki>;ii  e-f  J  «iic,V  tuCiam  J«^. 
The  s::--:\e  i:e\ive  co:".>is:ir!):  of  a  zinc  su-dde  screen,  a  b:t  0: 
i-i.-;;;:-..  .'.v.; .".  \r.>  » .ss  o.'."e,:  .1  spinthariscope  by  CrAies  477 
\\>  ;:;\  f:'.:or.     The  i.ir.:e  c:Tect  nay  be  s«3  if  -Je  raciuz:  ru.i2: 


on  a  luminous  watch  dial  is  examined  in  the  dark  \^-iih  ^  (V^KvHxt) 
lens. 

860.  The  Beta  Rays. — The  beta  ra\-s  are  cloctrvMts  v48^^  M\x^t 
out  from  radioactive  atoms  with  velocities  cK>scly  apimv^vhi^VR 
the  velocity  of  light.  The  beta  ra>^  are  much  more  |HM\otrjU\^vjt 
than  the  alpha  rays  and  can  pass  through  ton  to  txsTtUy  shwt5^ 
of  paper.  It  is  chiefly  these  rays  (and  in  smnll  mortsurr  the 
gamma  rays)  that  are  photographically  active.  FIr.  i  \H  i^hows 
a  photograph  taken  by  radium  rays.  The  photographic  plate 
was  wrapped  in  lightproof  paper;  the  objects  shown  In  the 
figure  were  laid  on  the  paper  and  the  whole  expose<l  to  the 
radium  at  a  distance  of  10  cm.  for  a  few  minutes. 
The  plate  was  then  developed  in  the  usual  way,  and 
from  the  negative  so  obtained  the  positive  print 
reproduced  in  the  figure  was  made. 

A  curious  ndiam  clock  has  been  constructerl  by 
R.  J.  Stmtt,  an  English  physidst,  to  show  the  con- 
tinuous loss  of  n^ative  electricity  as  electrons  by 
radiiun.    The  radium  is  inclosed  in  a  small  tube,  A , 
Fig.  119,  made  of  glass  thick  enough  to  prevent  the 
alpha  rays  from  escaping  but  not  thick  enous^h  to 
stop  the  beta  rays.    This  small  tube  is  attached  at 
the  top  to  an  insulating  rod.  B,  of  qnnrtz  and  rarnes 
at  its  lower  end  a  pair  of  gold  Ie;»vf»^   r.    Th^  tuV 
and  gold  leaves  are  fixed  in  a  ^lf«^s  v^<zr]  hifriny  i» 
pair  of  tin-fofl  strips.  D.  pafited  on  fn^*  \r\<^u\f*  op;K*«i*'*  "'■•••  iC'»^ 
leaves.    These  .strips  are  efer^nr^ II y  'v,fin/-^f*^/j  ^r^  ^  ,r-'-.^  ;#^;  ^f^ 
through  the  gla.ss  and  int<'T»ri/»/i  *<»  !'«jrr»»  fi   »  f r^ynr^r  ^\r,^  --.    -^ 
earth.    The  larger  :^a<i<»  "*^«/*{  ■-  .n'/l.iy  -••■  i/M't*r-/j 


?.- 


■"'  A  ■»  *  -  ^  r 


\t'  >»■'•  1 
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regular  intervals  Strutt  called  the  device  a  radium  clock.  If  the 
vessel  were  not  evacuated  ionization  of  the  air  would  occur  and 
conduct  electricity  away  so  fast  that  the  gold  leaves  would  not 
become  charged.  The  beta  rays  can  also  ionize  gases  but  are 
less  effective  than  the  alpha  rays. 

86i.  The  Gamma  Rays  and  X-Rays. — ^The  gamma  rays 
closely  resemble  X-rays.  They  are  far  more  penetrating  than 
the  beta  rays  and  can  pass  through  several  millimeters  of  metal 
with  little  absorption  and  are  only  completely  absorbed  by  several 
centimeters  of  lead,  which  is  more  effective  in  stopping  these 
rays  than  any  other  common  substance.  The  ganmoia  rays 
ionize  gases  and  also  aJ0Eect  a  photographic  plate.  Several 
minerals  glow  perceptibly  when  exposed  to  the  gamma  rays  of 
a  considerable  quantity  of  radium  (say  loo  mg.).  Willemite,  a 
silicate  of  zinc  (807),  is  especially  active  in  this  way.  Diamonds 
also  glow  with  a  clear  white  light  under  the  gamma  rays,  so  that 
these  rays  may  be  used  practically  to  distinguish  a  real  from  an 
imitation  diamond. 

The  true  physical  nature  of  gamma  rays  and  X-rays  was  for 
a  long  time  in  doubt.  The  critical  work  which  cleared  up  the 
question  will  be  discussed  later  (877). 

862.  Heat  from  Radium. — Not  long  after  radium  had  been 
obtained  in  considerable  quantity  it  was  discovered  that  a  tube 
of  this  unique  element  was  somewhat  warmer  than  its  surround- 
ings. Subsequent  investigation  by  Rutherford  (481)  showed 
that  one  gram  of  radium  gives  out  134  calories  per  hour  and 
keeps  up  this  rate  of  heat  production  continuously  with  appar- 
ently little  change. 

863.  Radium  Emanation. — ^The  ionization  of  a  gas  does  not 
occur  spontaneously,  as  does  the  ionization  of  an  electrolyte. 
Moreover,  very  quickly  after  the  ionizing  agent  (say  a  tube  of 
radium)  is  removed  the  ions  of  a  gas  neutralize  one  another's 
charges  and  the  gas  becomes  nonconducting.  With  this  fact 
in  mind  let  us  consider  the  following  curious  observation:  If  a 
current  of  air  is  led  over  a  radium  compound,  or  better  through 
a  solution  of  a  radium  salt,  the  air  will  become  strongly  ionized 
and  remain  so  for  hours  and  even  days,  losing  its  electrical  con- 
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liuctivity  so  slowly  that  only  after  about  four  days  is  half  of 
the  effect  lost.  In  fact,  it  seemed  as  if  the  air  had  taken  up 
radioactive  matter  from  the  radium,  since  this  active  air  also 
caused  a  zinc  sulfide  screen  to  glow  (859),  and  this  glow  was 
found  by  examination  with  a  lens  to  be  the  result  of  scintillating 
Sashes  like  those  caused  by  alpha  rays.  In  consequence  the 
radium  was  said  to  have  given  off  a  radioactive  emanation  to  the 
air.  The  material  nature  of  the  emanation  was  first  clearly 
shown  by  experiments  by  Rutherford,  in  which  air  containing 
emanation  was  passed  through  a  metal  tube  cooled  externally 
by  liquid  air  (776},  Every  trace  of  emanation  was  removed 
from  the  air  that  passed  through  the  cooled  tube;  but  when  the 
latter  was  removed  from  the  liquid  air  and  allowed  to  come 
to  room  temperature  the  whole  of  the  emanation  was  recovered 
by  blowing  fresh  air  through  the  tube.  The  explanation  of 
experiment  given  by  Rutherford  is  very  simple;  Radium 
nation  is  a  gaseous  radioactive  substance  which  condenses 
praclically  completely  at  the  temperature  of  liquid  air.  Upon 
becoming  warm  it  again  volatilizes.  This  explanation  has 
proved  to  be  correct  in  every  particular. 

864.  The  Formation  and  Decay  of  Radium  Emanation. — The 
whole  of  the  emanation  contained  in  a  solution  of  a  radium  salt 
can  be  removed  by  blowing  a  current  of  air  through  the  solution 
for  a  few  minutes.  If  the  solution  is  sealed  air-tight,  new  emana- 
tion will  gradually  accumulate  in  it.  After  about  40  days  there 
is  present  in  the  sealed  vessel  a  maximum  of  emanation  strictly 
proportional  to  the  quantity  of  radium  present.  The  emanation 
accumulates  at  a  regular  rate,  as  follows:  after  5.85  days 
from  the  time  the  solution  was  sealed  (after  all  emanation  has 
previously  been  removed)  half  of  the  maximum  quantity  of 
emanation  is  present;  after  2X3.85  days,  three-fourths  of  the 
maximum;  after  3X3  85  days,  seven-eighths  of  the  maximum, 
etc.,  so  that  after  40  days  over  99 .9  per  cent  of  the  maximum  is 
present.     We  have  seen  that  half  of  the  activity  of  a  given 

I  of  emanation  is  lost  in  about  4  days  (863).     Strictly 
Jcing,  exactly  half  is  lost  in  (.85  days;  in  2X3. 85  days  half 

remainder  is  lost,  or  a  total  of  three-fourths;  in  3X3 .85 
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dajrs  half  of  the  remainder  is  agwi  lost,  or  a  total  of  sev^- 
eighths,  etc.  The  emanation  is  said  to  decay  to  half  value  in 
J .  8s  days.  The  interval  of  3 .  85  days  is  called  the  period  of  half 
decay,  or  briefly  the  period.  The  rates  of  formation  and  decay 
of  radium  emanation  are  shown  by  the  two  graphs  of  Fig.  120. 
The  proportion  of  emanation  contained  in  a  sealed  sample  of 
radium  after  an  interval  of  40  days  is  a  maximum,  because  from 

this  time  on  the  decay  of  the 
emana^on  present  exactly 
compensates  the  formation 
of  new  emanation. 

865.  Theory  of  Radio- 
active Change. — ^The  many 
facts  already  dted  show 
that  radium  has  properties 
that  place  it  in  a  class  by 
itself.  For  a  number  of 
years  after  the  discovery  of 
radium  the  cause  of  its 
strange  behavior  was  the  most  conspicuous  of  all  scientific 
mysteries.  Some  faint-hearted  scientists  declared  that  the 
known  facts  disproved  the  two  most  fundamental  scientific 
laws:  the  law  of  the  conservation  of  matter  and  the  law  of  the 
conservation  of  energy.  It  was  also  said  that  a  serious  incon- 
sistency existed  in  the  statement  that  radium  is  an  element,  if 
it  is  really  true  that  radium  gives  rise  to  helium  and  radium 
emanation.  The  epoch-making  hypothesis  which  fairly  met 
and  explained  every  known  fact  and  withstood  the  most 
searching  criticism  was  one  of  the  boldest  and  at  the  same  time 
the  simplest  and  most  comprehensive  ever  introduced  into  our 
science.  This  was  the  distintegration  hypothesis  of  Rutherford 
and  Soddy  (481).  These  scientists  were  at  the  time  professors 
in  the  department  of  physics  of  McGill  University,  Montreal. 

The  sketch  of  this  remarkable  hypothesis  already  given  (481) 
should  now  be  read  again.  According  to  this  hypothesis  radio- 
active atoms  are  more  or  less  unstable  systems.  The  first  step 
in  the  disintegration  of  a  radium  atom  is  the  throwing  off  of  an 
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atom  of  helium  (an  alpha  particle)  and  the  leaving  behind 
of  a  residual  atom  of  smaller  mass,  an  atom  of  radium  emana- 
tion (Em), 

Ra->He+Em . 

If  we  suppose  that  the  helium  atom  shot  out  was  in  rapid  orbital 
motion  while  it  formed  a  part  of  the  radium  atom  wc  have  at 
once  a  simple  explanation  of  the  high  velocity  of  the  alpha 
particle  and  therefore  of  the  energy  given  out  by  radium  an 
heat  (862),  since  the  kinetic  energy  of  the  alpha  rays  must  be 
changed  into  heat  when  the  rays  are  stopped  (368-371). 

866.  The  Radium  Series.— A  solid  body  of  any  kind  exposed 
to  radium  emanation  for  some  time  becomes  itself  strongly  radio- 
active, giving  out  alpha,  beta,  and  gamma  rays.  This  so-called 
excited  activity  decays  rather  rapidly  (to  half  in  about  thirty 
minutes).  Elaborate  experiments  have  shown  that  the  explana- 
tion of  these  facts  is  as  follows:  Just  as  a  radium  atom  disin- 
tegrates, throwing  off  an  alpha  ray  (helium  atom)  and  leaving 
an  atom  of  emanation,  so  an  atom  of  the  latter  in  turn  shoots  out 
another  helium  atom  and  leaves  a  new  and  lighter  resirlual  atom 
of  a  substance  called  radium  A,  having  a  very  short  pcfiwl  (B64). 
Radium  A  also  gives  out  alpha  rays  and  forms  radium  B,  and  the 
latter  in  turn  passes  into  radium  C,  The  series  of  ra/Jioa^tive 
products  of  radium  is  therefore  as  follows: 

Ra->Em->RaA->RaB-^KaC . 

The  excited  activity  obtainerl  from  the  emanation  ronsists 
of  the  products  A,  B,  and  C.  These,  tr^ethcr  with  the  emana- 
tion,  are  present  in  radium  sealed  m>  as  tr>  retain  the  emanatk^n. 
Radium  itself  gives  only  alpha  rays.  The  f>eta  an/I  gamma  rays 
come  largely  from  rsulium  C, 

867*  The  Qripa  of  BadimB.  -  .Soon  after  the  disu:/Arery  fA 
the  jiature  oi  radioactive  change  attempu  were  marie  U>  di^rover 
the  rate  of  decay  of  radium  itv^lf.  Several  meth^'^U  were 
devised.  The  simpiest  conamted  in  r/iunttn^  the  number  oi 
alphsL  paztides  given  otf  by  a  known  am^Mint  of  ra/ltum  in  a 
measured  period  of  time,  Ir  wa^  zrt^n^eA  9/^  that  each  alph^ 
particle  woold  ^rxke  a  zinc  .iuifide  screen  and  pr^^doee  *lii^ 
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light  (859),  the  number  of  which  flashes  could  be  counted. 
Since  we  know  the  atomic  weight  of  radium  (857)  and  the  actual 
number  of  atoms  in  one  gram  atomic  weight  of  any  element 
(6.06X10*0  (iw),  such  an  experiment  furnished  a  means  of 
calculating  the  rate  of  decay  of  radium.  This  rate  is  about 
0.04  per  cent  per  year,  which  corresponds  to  a  period  of  1,850 
years.  But  even  this  period,  long  as  it  is  in  terms  of  the  span 
of  human  life,  is  very  short  compared  with  the  age  of  the  earth 
as  judged  by  the  conclusions  of  geologists;  so  that  if  the  earth 
were  at  the  beginning  made  of  pure  radium,  after  even  a  million 
years  far  less  radium  would  remain  than  we  now  find  in  many 
radium-bearing  minerals.  But  as  the  age  of  the  earth  is  to  be 
reckoned  in  hundreds  of  millions  of  years,  and  as  there  is  a 
practical  certainty  that  the  proportion  of  radium  never  was 
high,  we  are  forced  to  the  conclusion  that  the  radium  newfound 
in  ilie  earth  is  being  formed  as  fast  as  it  decays.  When  these  con- 
clusions had  been  reached  it  became  a  matter  of  much  scientific 
interest  to  discover  the  origin  of  radium. 

The  parent  of  radium,  as  we  may  call  the  hypothetical  sub- 
stance from  which  we  may  suppose  radium  to  be  formed,  would 
very  likely  conform  to  the  following  specifications:  It  would  be 
associated  with  radium  in  minerals;  the  ratio  of  radium  to  the 
substance  would  be  constant  (for  the  same  sort  of  reason  that 
sealed  radium  contains,  after  a  sufficient  interval,  a  constant 
proportion  of  emanation) ;  the  parent  would  probably  be  radio- 
active, with  a  very  slow  rate  of  decay  compared  with  that  of 
radium;  the  atomic  weight  of  the  parent  would  exceed  that  of 
radium.  Only  one  element  conforms  to  all  these  si>ecifications, 
namely  uranium  (836).  This  element  is  beyond  doubt  the  parent 
of  radium.  The  latter  element  is  found  only  in  uranium  minerals 
and  in  the  fixed  ratio  of  one  part  of  radium  to  three  million  parts 
by  weight  of  uranium. 

Uranium-bearing  minerals  always  contain  mechanically 
imprisoned  helium  which  has  been  formed  by  radioactive 
change.  In  fact  it  was  in  such  a  mineral,  cleveite,  that  heliiun 
was  discovered  (794). 
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868.  The  Uramum  Series. — The  change  of  uranium  into 
radium  is  not  direct  but  takes  place  by  the  intennediate  forma- 
tion of  a  series  of  radioactive  products,  as  indicated  in  Table  LI  V, 
which  also  includes  the  entire  radium  series. 

T.-VBLE  LIV 

The  L'BAf^iuu-RADiuu  Sekies  (Suchtlv  Condensed) 


Sl««ut 

Period 

TtAy, 

AWmit  Wd«lil 

Unnium 

UfaniumX 

Uranium  X. 

Utatiium  I 

loaium 

SX.o-yf-r. 
34.6  Jays 
69  sec. 
jXio"  ytati 
jX  io»  years 
i.8so  year* 
3  8s  days 

jelmin: 
19  5  min. 

1 3  years 

5  days 

13!^  days 

a 
a 

(J 

»38 
134 
»34 

130 

Emanation 

Radium  A 

■'        B 

"        C 

"       D 

»i8 
214 
>I4 

"      E 

"      F 

a 

^f  869.  The  Atomic  Weights  of  RadioactiTe  Substances.— If 
the  disintegration  hypothesis  is  correct  the  atomic  weight  of  a 
product  formed  by  an  alpha-ray  change  should  be  less  than  that 
of  its  parent  by  the  atomic  weight  of  helium,  namely  4  units. 
By  reason  of  tlie  very  small  mass  of  an  electron  (47<))  the  atomic 
reigbt  is  practically  unchanged  as  the  result  of  a  beta-ray 
Taking  the  atomic  weight  of  uramum  (836)  in  round 
mbers  as  238,  the  calculated  atomic  weights  of  its  products 
B  those  given  in  the  last  column  of  Table  LIV  (868).  We  can 
Miy  test  these  conclusions  in  one  case,  that  of  radium.  The 
iilated  value  is  226.2,  if  11=232,2,  while  Mme  Curie  found  by 
Kriment  the  nearly  identical  value  226.  Therefore  it  appears 
probable  that  the  calculated  values  given  in  the  table  are 
essentially  correct. 

870.  Thorium  and  Its  Active  Products. — The  element  thorium 
(Szo,  834)  is  radioactive  with  an  intensity  of  activity  about  equal 
to  that  of  uranium.    Like  the  latter,  the  former  gives  rise  to  a 
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long  series  of  active  products,  of  which  the  first,  mesotiioriumy 
is  the  only  one  of  technical  importance.  Mesothorium  is  identical 
with  radium  in  its  chemical  behavior ^  and  no  means  is  krunvn  of 
separating  a  mixture  of  the  two.  They  are  readily  distinguished 
by  their  periods  and  by  their  radioactive  products.  Meso- 
thorium has  a  period  of  5.5  years  as  against  1,850  years  for 
radium.  Mesothorium  itself  gives  no  rays  but  changes  into  a 
series  of  active  products  giving  alpha,  beta,  and  gamma  rajrs. 
Each  product  has  its  own  characteristic  chemical  properties, 
rays,  and  period.  One  of  these  products  is  radiothorium,  having 
a  period  of  two  years.  This  gives  out  alpha  rays  and  forms 
thorium  X,  which  in  turn  forms  a  gaseous  emanation  having  a 
period  of  less  than  one  minute.  Mesothorium  is  produced  as 
a  by-product  of  the  manufacture  of  thorium  and  is  used  as  a 
substitute  for  radium. 

87 1  •  Isotopes. — A  most  unlooked-for  set  of  facts  was  brought 
to  light  by  the  investigation  of  the  chemical  behavior  of  certain 
radioactive  products.  We  have  mentioned  that  mesothorium 
and  radium  are  identical  in  chemical  behavior  (870).  Thorium 
X  is  also  identical  chemically  with  these  two,  and  no  means  is 
known  of  separating  mixtures  of  this  substance  and  either 
radium  or  mesothorium.  Substances  identical  in  chemical 
behavior  are  called  isotopes. 

Several  groups  of  isotopes  are  known.  Thus  radiothorium 
and  uranium  X  are  isotopic  with  thorium,  since  in  every  chemical 
reaction  they  both  behave  qualitatively  and  quantitatively 
exactly  like  thorium.  Each  of  the  three  can  be  obtained 
separately,  but  if  we  mix  the  separate  substances  it  is  impossible, 
by  any  known  means,  to  separate  them.  The  final  product  of 
the  radium  series,  formed  by  the  decay  of  RaF  and  known  as 
RaG  (at.  wt.  206),  is  an  inactive  substance  isotopic  with  lead 
(at.  wt.  207.2),  and  curiously  enough  RaD  (at.  wt.  210)  b  also 
isotopic  with  lead  and  therefore  also  with  RaG. 

Isotopes  are  not  identical  in  all  their  properties;  otherwise 
they  would  be  identical  substances  and  consequently  indis- 
tinguishable. Thus,  for  example,  radium  differs  from  meso- 
in  the  following  respects:    Radium  has  a  period  of 


R'idiaaclivity  and  llie  Nature  of  Matter 


sH 


-I. 


Bfcoto 


,  mesothorium  has  a  period  of  s .  5  years.  Ra  gives 
alpha  rays;  Ms  gives  no  rays.  Ra  changes  into  a  gas,  Em, 
which  gives  alpha  rays  and  has  a  period  of  3.85  days;  Ms 
hanges  into  a  solid  which  gives  beta  rays  and  has  a  period  of 
^.2  hours.  Ra  has  an  atomic  weight  of  236.0,  while  Ms  has 
Sie  value  228.4,  No  difierence  in  the  spectra  of  isotopes  has 
yet  been  discovered. 

872.  The  Valence  of  Radioactive  Substances,— Although  but 
very  few  of  the  radioactive  products  of  the  uranium-radium 
series  (Table  LIV)  or  the  thorium  series  have  as  yet  been  obtained 
in  weighable  amounts  in  pure  form,  still  we  know  much  about 
tile  chemical  and  physical  properties  of  these  substances  and 
are  thus  able  to  learn  their  valence.  For  example,  when  we 
know  that  mesothorium  is  isotopic  with  radium  and  that  the 

rvolence  of  the  latter  is  two,  we  are  safe  in  concluding  that 
|iesothorium  has  the  same  valence.  Since  UX,  and  ionium  are 
iDtopic  with  thorium  we  conclude  that  all  three  have  the  same 

"valence,  namely  four;  and  since  U,  is  isotopic  with  uranium  itself 
its  valence  is  six  (836).  These  examples  sufGce  to  illustrate 
the  principle  employed.    Let  us  now  consider  the  first  part  of 

IVt  uranium-radium  series.  In  Table  LV  the  first  line  gives  the 
on  (868);  the  next  line  shows  the  kind  of  rays  given  out  by 
each  substance;  while  the  third  line  shows  the  valence  of  each. 
Fajans  discovered  a  remarkable  relation  between  the  facts 
set  forth  in  this  table,  namely,  (i)  the  valence  of  the  product  of 
an  alphtt-ray  change  (858)  is  less  by  two  than  that  of  the  parent; 
{2}  the  valence  of  the  product  of  a  beta-ray  change  {860)  is  greater 
by  one  than  that  of  the  parent.  This  statement  is  called  Fajans' 
Law.  With  a  little  amplification  the  law  applies  to  all  radio- 
Ctive  substances  and  their  transformations. 


TABLE  LV 


u 

tnc 

UX. 

U. 

lo 

R. 

Em 

6 

4 

5 

6 

4 

va^K*.  .■-■.::: 

" 

584  Iniroduction  to  General  Chemistry 

873.  The  Meaning  of  the  Term  Element — ^A  direct  defini- 
tion of  the  term  element  has  not  been  given  in  this  text  (see  31). 
To  say  that  an  element  is  a  substance  incapable  of  further  decom- 
position would  exclude  uranium,  radium,  and  thorium  as  well 
as,  of  course,  all  other  radioactive  substances  from  the  list  of 
elements;  and  this  would  certainly  be  an  imwise  classification. 
Since  radioactive  changes  are  always  spontaneous  and  entirely 
beyond  human  control,  it  would  seem  best  to  define  the  term 
element  thus:  An  element  is  a  substance  which  cannot  be  decom- 
posed into  simpler  substances  at  the  will  of  the  experimenter.  We 
shall  .then  class  all  radioactive  products  (even  those  like  thorium 
emanation,  period  53  seconds)  as  elements.  All  these  "new" 
elements  have  been  satisfactorily  fitted  into  enlarged  periodic 
tables.  For  example,  see  the  lower  part  of  the  Harkins  table 
(849).  It  will  be  seen  that  several  elements  occupy  the  same 
position.    Except  for  the  rare  earths  these  are  isotopes. 

874.  The  Technical  Production  of  Radium. — Radium  was 
first  made  in  considerable  quantities  from  pitchblende,  a  mineral 
having  the  composition  UjOg.  This  mineral  is  so  rare  that  it  is 
no  longer  a  satisfactory  source  of  radium.  The  bulk  of  the 
radium  now  produced  is  made  from  camotitey  a  mineral 
of  somewhat  variable  composition,  but  containing  uranium, 
vanadium,  and  potassium  as  its  usual  constituents.  This  ore 
is  found  chiefly  in  southwestern  Colorado  and  adjoining  regions 
of  Utah,  for  the  most  part  as  cementing  material  in  sandstone. 
The  ordinary  ore  as  mined  carries  less  than  i  i>er  cent  of  uranium 
and  therefore  but  one  part  of  radium  in  300  million  parts  by 
weight  of  ore!  There  are  several  ways  of  extracting  the  radium, 
but  all  of  them  are  based  on  the  fact  that  the  radium  present 
remains  with  the  barium  present  when  the  latter  is  separated. 
If  insufficient  barium  is  present  in  the  ore,  enough  barium 
chloride  is  added  to  bring  the  proportion  up  to  about  i  per  cent 
Usually  the  barium  (with  the  radium)  is  first  obtained  as  sulfate 
(164).  This  salt  is  converted  into  chloride  and  the  latter 
subjected  to  fractional  crystallization  in  the  manner  already 
described  (856).  A  much  more  rapid  separation  of  barimn  and 
radium  results  from  the  crystallization  of  the  bramideti 
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this  case  above  95  per  cent  of  the  radium  separates  with  half 
the  barium  salt.  In  another  process  the  hydroxides  of  barium 
id  radium  are  cr>'stallized,  in  which  case  the  radium  concen- 
Ltes  in  the  mother-liquors  instead  of  in  the  crystals. 
The  world's  total  production  of  radium  up  to  the  end  of  1918 
between  100  and  125  grams,  over  half  of  which  was  made 
in  the  United  States  of  America. 

875.  How  Radium  Is  Measured  and  Sold. — Radium  usually 
comes  on  the  market  as  an  isomorphous  {810)  mixture  of  its 
bromide  with  about  an  equal  amount  of  barium  bromide.  The 
selling  price  of  radium  is  always  based  on  the  radium  content  of 
material,  stated  in  milligrams  of  radium  element.     The  radium 

tent  of  a  given  sample  is  not  found  by  the  use  of  a  balance 
It  is  determined  by  the  ionizing  power  of  the  gamma  rays  (861) 
shown  by  an  electroscope  (770,  854),  Comparative  measure- 
ments are  always  made  with  a  tube  of  radium  salt  of  exactly 
known  radium  content  (a  standard).  Every  purchaser  of 
radium,  before  paying  for  it,  can  have  the  material  measured  by 
the  United  States  Bureau  of  Standards  and  get  a  certificate  for 
a  small  fee.  During  the  year  iqi8  the  price  was  close  to 
$i30.oo  per  milligram  of  radium  element.  This  is  more  than 
100,000  times  the  value  of  gold!  But  when  it  is  known  that 
a  ton  of  ordinary  ore  yields  only  two  milligrams  of  radium  and 
that  it  requires  three  to  four  months'  work  to  extract  and  refine 
the  radium,  the  high  price  is  readily  understood. 

876.  The  Use  of  Radium  in  Therapeutics.— The  term  thera- 
itics  is  defined  as  being  that  branch  of  medical  science  that 
,ts  of  the  action  of  remedial  agents  on  the  human  body.    The 

,a  and  gamma  rays  of  radium  are  capable  of  producing  serious 

ims"  of  the  skin  and  underlying  tissues.     The  effect  produced 

proportional  to  the  quantity  of  radium  and  the  length  of  time 

the  exposure.     Healthy  tissue  is  much  less  affected  by  these 

than  is  abnormal  and  unhealthy  tissue.     It  is  by  reason  of 

fact  that  radium  finds  an  important  use  as  a  therapeutic 

agent,     Exjvosure  of  certain  kinds  of  abnormal  growths  on  the 

body  to  radium  rays  result;»  in  their  destroctioil  and  subsequent 

Some  forms  of  cancer  r 
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treatment.  In  cases  where  large  masses  of  cancerous  tissue  are 
removed  by  surgical  operation  treatment  with  radium  rays  is 
often  subsequently  employed  to  destroy  the  remaining  portions 
not  accessible  to  the  knife.  In  hopeless  cases,  where  a  cure 
cannot  be  expected,  radium  treatment  is  useful  in  greatly 
alleviating  pain.  In  most  respects  radiiun  rays  produce  thera- 
peutic effects  like  those  due  to  X-rays.  The  great  advantage 
over  X-rays  in  the  use  of  radium  arises  from  the  fact  that  the 
radium  container  is  so  minute  that  it  can  be  applied  exactly 
where  its  rays  are  required  to  act,  a  procedure  impossible  with  an 
X-ray  bulb.  Radium  in  considerable  quantity  (100  mg.  or  more) 
may  be  safely  handled  if  contained  in  thick-walled  lead  tubes. 

877.  X-Ray  Spectra. — Ordinary  visible  light,  which  is  made 
up  of  ether  vibrations  of  various  wave-lengths  (788),  can  be 
spread  out  into  a  spectrum  of  its  component  colors  in  another 
way  besides  that  by  the  use  of  a  prism,  namely  by  means  of  a 
diffraction  grating.  The  latter  consists  of  a  polished  plane 
surface,  as  of  glass  or  metal,  ruled  with  an  enormous  number  of 
fmc  parallel  lines,  often  as  little  as  one-thousandth  of  a  milli- 
meter apart.  The  principle  of  the  production  of  spectra  by 
such  gratings  is  discussed  in  most  textbooks  on  physics. 

For  many  years  after  the  discovery  of  X-rays  numerous 
attempts  were  made  to  obtain  X-ray  spectra,  but  all  without  any 
success,  by  the  use  of  either  prisms  or  gratings.  It  then  occurred 
to  Laue  that  if  X-rays  consisted  of  very  much  shorter  waves  than 
visible  light  it  would  be  impossible  to  rule  gratings  with  lines 
sufficiently  fmc  and  close  together  to  show  the  exjjected  effect. 
In  fact,  he  calculated  that  if  X-rays  consist  of  waves  one- 
thousandth  as  long  as  those  of  \dsible  light,  in  order  to  get  their 
spectrum  it  would  require  a  grating  with  lines  no  farther  ^>art 
than  the  diameters  of  ordinary  atoms  (196).  To  rule  such  a 
grating  would  be  a  task  beyond  human  skill.  Then  came  the 
brilliant  idea  that  nature  makes  such  gratings  on  every  hand, 
since  in  every  crystal  the  molecules  are  arranged  in  rows  and 
layers  like  bricks  in  a  wall  (204).  Several  experimenters  applied 
Laue's  ideas  and  soon  brought  forth  a  great  niunber  of  new  and 
interesting  facts,  a  few  of  which  we  shall  discuss  briefly. 
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^K     When  X-rays  from  a  given  source  strike  the  flat  surface  of 
a  crystal  obliquely  the  reflected  rays,  brought  to  focus  on  a 
photographic  plate,  produce  a  well-defined  line  spectrum  con- 
^^ifiting  of  a  small  number  of  lines.     Each  Une  corresponds  to  a 
^■fe&nite  wave-length  (just  as  in  the  case  of  visible  light),  which 
Hpngth  can  be  easily  calculated. 

878.  Atomic  Numbers.— The  X-ray  spectnim  given  by  one 

element  used  us  lite  target  of  the  X-ray  bulb  is  characteristic  for 

that  element  and  dijJeraH  from  thai  of  any  other  ektnent.    In  this 

■tonnection  a  remarkably  simple  relation  was  discovered  in  1914 

^By  the  young  English  physicist  Moseley;  the  wave-length  of  th-r 
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most  intense  line  decreases  quite  uniformly  as  we  pass  from  one 
element  to  the  next  higher  in  atomic  weight.  Moseley  also 
showed  that  if  the  elements  are  assigned  numbers,  called 
atomic  numbers,  in  the  order  of  their  increasing  atomic  weights 
there  is  a  very  simple  numerical  relation  between  the  atomic 
number  of  an  element  and  the  wave-length  of  the  strongest  line 
of  its  X-ray  spectrum.  The  atomic  numbers  calculated  from 
the  wave-lengths  as  found  by  experiment  differed  from  whole 
numbers  by  not  more  than  i  or  2  per  cent,  and  this  difference 
could  easily  be  ascribed  to  error  of  experiment.  The  only  cases 
where  the  atomic  numbers  so  found  did  not  follow  exactly  the 
order  of  increasing  atomic  weights  were  met  with  in  those  pairs 
of  elements  (A  and  K,  Te  and  I)  where  a  departure  from  the 
usual  order  is  necessary  to  bring  the  elements  into  their  proper 
groups  in  the  Periodic  Table  (829).  In  Table  LVI  the  elements 
are  arranged  in  a  periodic  table  strictly  in  the  order  of  their 
atomic  numbers.  The  anomalies  (848)  now  disappear  com- 
pletely. It  would  therefore  appear  that  the  atomic  number  of 
an  element  is  its  most  fundamental  constant.  In  Table  LVI 
the  rare  earth  elements  (820, 846)  are  included  within  the  heavj- 
lines.  These  elements  form  a  single  family  of  Group  III  (849) 
and  do  not  belong  to  the  other  groups  indicated  by  their 
positions  in  this  table. 

879.  The  Structure  of  Crystals. — Professor  W.  H.  Bragg  and 
his  son  W.  L.  Bragg,  English  physicists,  have  followed  Laue*s 
ideas  in  another  direction  and  obtained  a  great  deal  of  informa- 
tion regarding  the  arrangement  of  molecules  and  atoms  in  a 
great  variety  of  crystals.  The  simplest  way  of  investigating  the 
structure  of  a  crystal  consists  in  getting  the  impression  made  on 
a  photographic  plate  when  a  small,  round  beam  of  X-rays  passes 
through  a  thin  slice  of  the  crystal  and  strikes  the  plate  some 
inches  beyond.  The  reproduction  of  such  a  photograph  is  shown 
in  Fig.  121.  From  the  nature  of  the  pattern  produced  the  geo- 
metrical arrangement  and  distances  from  one  another  of  the 
atoms  of  a  crystal  can  be  calculated. 

880.  Atomic  Structure  and  the  Nature  of  Matter. — ^The 
modem  view  of  the  structure  of  an  atom  has  been  described 


.ii 
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briefly  in  section  470.  The  facts  epitomized  in  the  periodic  law, 
together  with  the  phenomena  of  radioactivity,  show  very  con- 
vincingly that  atoms  must  be  constructed  according  to  very 
de&nite  plans,  and  that  the  arrangement  of  the  parts  (electrons, 
atoms   of    helium,   and    the 

atomic  nucleus,  470)  in  the  ^ — 

atom  of  an  element  must  de- 
termine its  properties.  Some 
of  the  world's  ablest  physi- 
cists and  chemists  have  de- 
voted much  attention  to  the 
problems  of  atomic  structure, 
and  as  a  result  several  more 
or  less  definite  hypotheses 
have  resulted,  each  aiming  to 
explain  and  correlate  as  many 
facts  as  possible.  As  yet  none 
of  these  suggestions  is  wholly 
satisfactory,  although  several 
of  them  account  very  well  for  many  of  the  facts  with  which 
we  are  familiar. 

On  one  point  there  is  general  agreement:  namely,  that  the 
atomic  number  of  an  element  represents  the  number  of  electrons 
encircling  the  electro- positive  nucleus  oj  the  atom.  Since  atoms,  as 
such,  are  electrically  neutral,  the  positive  charge  of  the  nucleus 
must  also  be  proportional  to  the  atomic  member.  It  seems  prolv 
able  that  the  nucleus  also  contains  some  electrons  and  that  its 
positive  charge  represents  the  excess  of  its  positive  over  its  nega- 
tive electricity. 

In  changes  of  atoms  into  ions  and  vice  versa  (oxidations  and 
reductions,  Soi-507)  the  valence  electrons  lostorgained  are  those 
of  the  outer  ring,  and  not  of  the  nucleus.  In  radioactive  changes 
the  alpha  and  beta  rays  doubtless  come  from  the  nucleus,  so  that 
the  new  residual  atom  has  a  nucleus  different  in  positive  charge 
from  its  parent  and  therefore  surrounded  by  a  different  number 
of  electrons  in  the  outer  rings.  It  is  on  this  basis  that  Fajans' 
Law  (872J  receives  its  explanation. 
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It  is  of  iuterest  to  note  that  the  chemist's  control  over  the 
composition  of  the  atom  is  limited  to  the  removal  and  replace- 
ment of  some  of  the  electrons  of  the  outer  rings;  changes  of  the 
nucleus  are  solely  the  result  of  spontaneous  radioactive  pro- 
cesses entirely  beyond  human  control. 

Since  the  positive  charge  of  the  nucleus  is  the  excess  of  its 
positive  over  its  negative  electricity,  it  is  possible  for  two  or  more 
differently  composed  nuclei  to  have  equal  nuclear  charges. 
Atoms  containing  nuclei  differing  thus  would  have  equal 
numbers  of  electrons  in  the  outer  rings  and  therefore  be  identi- 
cal in  chemical  but  not  in  radioactive  properties.  In  conse- 
quence it  would  be  possible  to  have  two  (or  more)  differ^t 
elements  with  identical  chemical  properties,  in  other  words 
isotopes  (871). 

In  conclusion,  it  may  be  stated  that  all  chemists  and 
physicists  are  now  agreed  that  the  elements  are  but  modifications 
of  the  same  primitive  forms  of  material^  including  in  the  latter 
term  electrons  and  whatever  else  may  compose  an  atom.  It 
may  well  be  that  all  matter  is  entirely  of  an  electrical  nature. 
This  view  has  led  some  persons  to  declare  that  "there  is  no 
such  thing  as  matter,"  that  "  every  thing  is  electricity."  This 
statement  is  scarcely  warranted.  It  is  just  as  if,  when  we  have 
discovered  that  a  potato  is  composed  of  starch,  fiber,  and  water, 
we  should  declare  "  there  is  no  such  thing  as  a  potato"!  As  for 
matter,  it  remains  what  it  always  has  been,  only  we  know  more 
•about  it. 
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88i.  Introduction. — Metallurgy,  or  the  art  of  extracting 
metals  from  their  ores,  had  its  beginning  in  prehistoric  times. 
In  our  present-day  civilization  it  is  the  basis,  of  one  of  our 
greatest  industries.  The  colossal  importance  of  it  may  be 
judged  from  Table  LVII,  which  gives  the  annual  production 
of  metals  in  the  United  States,  the  values  of  the  output,  and 
the  percentage  of  the  world's  supply  furm'shed  by  the  United 
States.  In  the  cases  of  iron,  copper,  silver,  zinc,  lead,  and 
aluminum,  the  United  States  produces  more  than  any  other 
one  country.  The  total  value  of  its  annual  production  is  over 
two  billion  dollars. 

As  will  be  shown  later,  this  enormous  industry  may  well  be 
called  a  chemical  industry  since,  in  the  first  place,  the  science 
of  chemistry  has  contributed  greatly  to  improvements  practised 
in  the  general  procedures,  and  since,  in  the  second  place, 
virtually  all  of  the  enormous  output  of  metals  is  prepared  under 
supervision  from  chemical  laboratories. 

It  will  be  the  purpose  of  the  present  chapter  to  present  a 
brief  survey  of  the  metallurgy  of  the  more  important  metals, 
namely,  iron,  copper,  zinc,  lead,  and  aluminum,  and  incidentally 
certain  aspects  of  the  metallurgy  of  silver  and  gold. 

TABLE  LVII 
Annual  Production  op  Metals  in  the  United  States 


Pig  iron. . . 

Copper 

Zinc 

Lead 

Aluminum. 

Gold 

SUver 


1918 
1917 
1917 
1917 
1918 
1917 
1917 


42,ooOyOCK>  tons 
944,000  tons 
685,000  tons 
580,000  tons 
112,000  tons 
4,051,000  oz. 

71,740,000  oz. 


$1,300,000,000 

500,000,000 

120,000,000 

100,000,000 

74,000,00c 

83,750,000 

58,000,000 


Percent.' 


55 
60 

32 

34 
46 

20 
42 


*  U.  S.  A.  production  as  percentage  of  total  for  the  world. 
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882.  Economic  Importance  of  Iron. — Of  all  metals,  iron  is 
the  most  important.  Not  only  Is  this  true  because -it  is  abun- 
dant, but  because  of  the  cheapness  of  its  production  and  its 
manifold  useful  properties.  To  appreciate  this  we  have  only 
to  reflect  that  most  of  our  earthly  possessions  which  do  not 
consist  wholly  or  in  part  of  iron  have  been  made  with  the  aid 
of  iron  machinery,  which  is  driven  by  engines  or  motors  con- 
sisting wholly  or  in  part  of  iron.  Iron  is  the  only  element  which 
is  decidedly  magnetic  (of  high  magnetic  permeability)  and 
so  is  the  essential  material  for  magnets.  Thus  dynamos, 
motors  and  other  electrical  machinery  which  are  the  basis  of 
the  modem  generation  and  use  of  electricity  would  not  be 
possible  without  iron.  It  is  easy  to  see  that  the  existing  material 
aspect  of  our  present-day  civilization  is  dependent  upon  this 
element.  It  is  therefore  not  strange  that  iron  is  produced  m 
far  greater  quantity  than  any  other  metal,  and  it  is  interesting 
to  find  that  the  tonnage  of  iron  produced  in  the  United  States 
is  about  twenty  times  that  of  all  the  other  metals  combined. 
(See  Table  LVII.) 

883.  Commercial  Grades  of  Iron.  SteeL— Broadly  speak- 
ing, commercial  grades  of  iron  belong  to  one  of  three  classes: 
wrought  iron,  cast  iron,  and  steel.  All  grades  contain  small 
amounts  of  certain  other  elements  which  have  important 
bearing  on  the  properties  of  the  product.  Of  these  elements 
the  most  important  is  carbon.  Others  are  silicon,  manganese, 
phosphorus  and  sulfur. 

The  terms  wrought  iron  and  cast  iron  designate  substances 
of  more  definite  composition  than  does  the  term  steel,  which 
applies  to  products  of  certain  processes.  Some  kinds  of  steel 
are  nearly  identical  in  composition  and  properties  with  wrought 
iron.  The  latter  and  also  low  carbon  or  mild  steel  contain  less 
than  0.3  per  cent  of  carbon.  Half-hard  and  high  carbon  steel 
contains  from  0.3  per  cent  to  2.2  per  cent  of  carbon.  Cast 
iron  contains  from  2.2.  to  5  per  cent  of  carbon. 

Wrought  iron  and  mild  steel  are  moderately  soft  metals. 
High  carbon  steel  may  be  either  extremely  hard  or  rather  soft, 
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according  to  the  heat  treatment  given  it.     Cast  iron  is  moder- 
ately bard  and  brittle,  but  can  be  machined  to  shape. 

884.  Iron  Ores.— It  seems  probable  that  Iron  constitutes 
about  5  per  cent  of  the  earth's  crust  (F.  W.  Clarke).  The  only 
iron-bearing  minerals  of  importance  are  those  which  contain 
40  per  cent  or  more  of  this  element  and  only  small  percentages 
of  objectionable  impurities,  especially  phosphorus  and  sulfur. 
In  the  United  States  the  most  important  ore  is  hematite, 
'FeiOi,  {328).  Limonite,  a  hydrated  hematite  called  also 
brown  ore,  and  magnetite,  FcaOt  (173)  are  also  mined  incon- 
siderable amounts;  but  altogether  they  constitute  only  6  to  8 
per  cent  of  the  total  Iron  ore  of  this  country. 

No  less  than  85  per  cent  of  all  the  iron  ore  mined  in  the 
United  States  comes  from  a  single  region  which  lies  to  the 
south  and  west  of  Lake  Superior,  in  adjacent  parts  of  the  states 
trf  Minnesota,  Michigan  and  Wisconsin.  The  ore  of  the  Lake 
Superior  region  is  hematite.  The  next  most  important  dis- 
trict, located  in  Alabama,  produces  8  per  cent  of  the  total  ore. 
'New  York  state  ranks  third  in  importance,  with  3  per  cent. 
The  remaining  states  produce  but  4  per  cent  of  the  total. 

885.  The  Chemistry  of  the  Metallurgy  of  Iron.— The  princi- 
pal reactions  involved  in  the  convfrsion  of  ferric  oxide,  FeiOj 
(hematite),  into  metallic  iron  (32QI  are 

k  Fe,0,+3C-*iFe4-3CO 

W^  FeiO.-l-iCO-'iFe-fjCO, 

■  Taken  together,  these  may  be  written: 

I  jFe,0.-i-3C-»4Fe-|-3CO,  (jaS) 

H  If  iron  ores  consisted  of  pure  oxides,  it  would  sudice  to  heat 
Bpiese  with  carbon  and  nothing  else.  However  in  practice  this 
Hi  not  the  case.  The  average  composition  of  Lake  Superior 
hre  for  the  year  1909  was  that  shown  in  Table  LVllI. 
W  It  thus  appeal^  that  components  other  than  iron  oxide  are 
■wesent  in  large  amount  and  must  be  removed  in  the  metal- 
Bltrgical  process.  The  climimition  of  silica,  alumina,  calcium, 
BMc,  b  accomplished  by  converting  them  into  a  fusible  glass- 
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TABLE  LVIII 

Average  Percentage  Cosiposition  of  Lake  Superior  Iron  Ore  (Ries) 

Iron 58.45  per  cent 

Silica. 7.67 

Alumina 2.23 

Calcium,  magnesium  and  manganese i  .80 

Phosphorus 09 

Sulfur 06 

Loss  on  ignition 4.12 

like  product  called  slag,  which  at  a  white  heat  forms  a  fluid  that 
floats  on  molten  iron  like  oil  on  water  and  can  be  separated 
mechanically. 

In  the  formation  of  slag  we  have  a  typical  reaction  in  a  fused 
mass.  For  example,  calcium  oxide  is  a  base  forming  oxide. 
Silica  is  an  acid  forming  oxide.  Heated  together  they  form 
a  salt,  calcium  silicate,  just  as  acids  and  bases  do  in  water  solu- 
tion. The  salt  is  molten  at  the  temperature  of  the  furnace  and 
dissolves  many  other  oxides  and  salts.  The  following  is  rep- 
resentative of  the  percentage  composition  of  slag: 

Si02    AljOs    CaO    MgO    CaS    Remainder 
34         12         43  6         3  2 

Slag  is  therefore  a  silicate  of  aluminum,  calciiun,  and  magnesium 
with  small  proportions  of  other  substances.  Since  but  few 
ores  contain  the  slag  forming  elements  in  ideal  proportions, 
it  is  customary  to  add  to  the  ore  sufficient  materials  from  other 
sources  to  make  up  the  deficiency.  Usually  it  is  only  necessary 
to  add  limestone  (150). 

We  shall  now  describe  the  smelting  of  iron  ore  as  actually 
carried  out  in  the  blast  furnace. 

886.  The  Blast  Furnace. — ^A  blast  furnace  is  represented  in 
Fig.  122.  This  is  a  huge  structure,  60  to  90  feet  in  height, 
built  of  iron  and  lined  with  fire  brick.  This  furnace  gets  its 
name  from  the  fact  that  a  blast  of  air  is  supplied  near  the  base 
nt'  a  pressure  of  about  15  poimds  per  square  inch  above  atmos- 
pheric pressure.  The  air  before  entering  the  furnace  is  heated 
to  about  700°  (corresponding  to  a  red  heat)  in  a  way  later  to 
be  described.  The  charge  or  burden,  consisting  of  ore,  lime- 
stone and  coke  (328,  630)  is  introduced  at  the  top  of  the  furnace, 
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■hich  is  dosed  by  a  cone  or  "bell."  In  a  tj-pical  case,  a 
rdiarge  of  9  tons  of  ore,  5  tons  of  coke  and  3  tons  of  limestone 

added  every  quarter  of  an  hour,  day  and  n'ght,  week  in  and 
week  out,  for  many  months  at  a  time.  As  the  charge  passes 
downward  it  soon  becomes  hot  enough  to  react  so  that  bj'  the 
time  it  has  reached  the  level  of  the  blast  pipes  (tuyeres)  it 
consists  largely  of  molten  iron  and  slag.  The  former  collects 
in  the  lowest  part  of  the  furnace  as  a  white  hot  fluid,  on  which 
floats  the  equally  hot  but  somewhat  more  viscous  liquid  slag. 
From  time  to  time  slag  is  tapped  from  the  furnace  through  an 
opening  made  for  the  purpose.  At  in- 
tervals of  a  few  hours  the  iron  is  also 
rdrawn  off  at  a  lower  level  opening  and 
'nin  into  troughs  made  in  a  bed  of  sand. 
The  smaller  troughs,  about  3  feet  long 
and  4  inches  wide,  branch  off  from  the 
main  channel  at  uniform  distances.  The 
solidified  product  is  called  pig  iron.  A 
large  furnace  charged  as  above  indicated 
will  produce  500  tons  (1,000.000  ptjunds) 
of  pig  iron  in  34  hours.  : 

887.  The  Blast  Furnace  Plant .—  In 
order  that  the  reduction  of  ore  to  metal 
may  be  complete,  it  is  necessary  to  use 

more  carbon  {in  the  form  of  coke)  than  that  indicated  by  the 
chemical  equations  (885).  As  a  result,  the  gases  issuing  from 
the  top  of  a  furnace  contain  a  large  proportion  of  carbon  mon- 
oxide, A  typical  product  will  contain  25  per  cent  of  carbon 
monoxide,  13  per  cent  of  carbon  dioxide,  3  per  cent  of  hydrogen, 
57  per  cent  of  nitrogen.     This  gas  is  saved  and  used  as  fuel 

heal  the  air  used  for  the  blast  and  also  to  produce  the  power 
to  nin  the  air  blowers.  For  the  latter  purpose  it  is  either 
burned  under  the  boilers  of  steam  engines  or.  in  more  modem 
plants,  it  is  used  directlj'  as  the  fuel  for  huge  gas  engines.  The 
blast  furnace  requires  therefore  a  large  accessory  equipment,  the 
vrhole  forming  the  blast  furnace  plant.  The  more  important 
items  of  this  plant  will  now  be  briefly  described.    The  gases 
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escaping  from  the  furnace  carry  a  great  deal  of  dust.  This  is 
first  separated  and  collected  in  a  dust  catcher  consisting  of  an 
immense  cylindrical  vessel  with  a  conical  base  in  which  the 
dust  settles  out  to  a  large  extent  The  gases  may  be  further 
purified  in  washers. 

For  heating  the  blast,  so-called  stoves  are  used,  <A  which  three 
or  four  are  required  for  each  blast  furnace.  A  stove  is  a  cylin- 
drical furnace  nearly  half  as  large  as  the  blast  furnace.  It 
consists  of  a  central  chamber  in  which  the  gas  bums  surrounded 
by  a  honey-comb  Uke  arrangement  (checker-work)  of  fire 
brick,  through  which  the  flame  and  hot  gases  pass  before  they 
escape  at  the  smoke-stack.  After  a  short  time  the  stove 
becomes  ver>'  hot.  The  supply  of  gas  is  then  turned  off  and 
the  blast  of  (cold)  compressed  air  is  led  through  the  hot  iron 
stove  whereby  the  air  is  raised  to  a  temperature  of  about  700**. 
This  hot  air  is  used  to  blow  the  blast  furnace.  While  one 
stove  is  being  used  to  heat  the  blast,  others  are  being  heated 
by  burning  gas. 

88&  Pig  Iron  and  Slag. — Pig  iron  is  by  no  means  pure  iron. 
Its  composition  is  variable.  It  contains  about  94  per  cent  of 
iron,  3  to  4  per  cent  of  carbon,  i  to  2  per  cent  of  silicon,  i 
per  cent  of  manganese,  o.i  to  2  per  cent  of  phosphorus,  and 
less  than  o.i  per  cent,  of  sulfur.  Pig  iron  is  so  brittle  that  the 
pigs  are  easily  broken  into  smaller  pieces  by  means  of  a  sledge 
hammer.  Small  pieces  can  be  ground  to  a  powder  in  a  mortar. 
In  api>earance,  pig  iron  is  metallic  gray,  and  shows  a  crystalline 
or  granular  facture. 

Pig  iron  is  an  intermediate  product  which  is  used  to  make 
purer  forms  of  iron,  about  78  per  cent  of  the  production  going 
into  steel,  19  per  cent  into  cast  iron,  and  2}^^  per  cent  into 
wrought  iron. 

Slag  is  largely  waste  material  which  is  used  for  road  building 
and  for  ballast  for  railroads.  A  good  quality  of  cement  is  made 
from  slag.  Mineral  wool,  used  for  fire  and  acid-pnxrf  packing, 
is  made  by  blowing  steam  through  molten  slag. 

889.  Cast  Iron. — Cast  iron  is  the  form  of  the  metal  used  in 
making  stoves,  steam  radiators,  street  lamp  posts,  water  and  gas 
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mains,  fire  hydrants,  etc.  where  strength  and  rigidity  but  not 
flexibility  nor  elasticity  arc  required.  Iron  castings  are  made 
by  pouring  the  molten  metal  into  moulds  made  in  sand  from 
wooden  patterns  of  the  form  to  be  reproduced.  The  metal  is 
melted  in  a  cupola  furnace,  Fig.  133.  This  furnace  consists  of  a 
cylindrical  sheet  steel  shell  3  to  6  feet  iti  diameter  and  1 5  to  3  5  feet 
high  lined  with  fire-brick.  The  bottom  is  covered  with  a  thick 
layer  of  sand.  A  tapping  hole  for  the  iron  is  located  at  the 
upper  level  of  the  sand  layer  and  on  the  opposite  side  of  the 
cupola  a  little  higher  up  is  another  tap  hole  for  slag.  Several 
inlets  (tuyeres)  for  the  air  blast 
are  provided.  Thus  the  cupola 
furnace  resembles  a  very  small 
blast  furnace.  Its  charge  consists 
of  pig  iron  and  coke  together  with 
enough  limestone  to  form  a  slag 
with  the  silica  of  the  coke  ash  and 
a  certain  additional  amount  for- 
med by  oxidation  of  a  small  part 
of  the  silicon  of  the  pig  iron  used. 
Usually  some  old  scrap  iron, 
broken  and  worn  out  castings, 
etc.  are  added  to  the  charge.  In 
the  furnace  the  coke  burns  in  the 
strong  air  blast  and  raises  the  temperature  above  the  melting 
point  of  the  pig  iron  (about  1100°).  The  molten  iron,  cov- 
ered by  a  layer  of  molten  slag,  collects  in  the  bottom  of  the 
furnace.  The  white  hot  liquid  iron  is  drawn  off  through  the 
tap  hole  into  a  ladle  from  which  it  is  poured  into  the  mould. 
An  iron  casting  or  moulding  establishment  is  called  a  foundry. 
There  are  many  grades  of  cast  iron  which  merge  impercep- 
tibly into  one  another.  The  differences  are  due  to  two  causes: 
the  chemical  composition  and  the  heat  treatment  the  product 
has  undergone.  In  addition  to  a  little  manganese  and  phos- 
phorus and  a  minute  amount  of  sulfur,  cast  iron  contains  be- 
tween ^'i  and  2j^2  p^r  cent  of  silicon  and  2^i,  to  3>^  per  cent  of 
carbon.     It  is  the  last  two  elements  in  particular  that  determine 


598  Introduction  to  General  Cliemistry 

the  character  of  the  cast  iron.  The  two  principal  sorts  of  cast 
iron  are  designated  as  white  and  gray  respectively.  If  a  molten 
iron  low  in  a  silicon  (e.g.  ^^  per  cent)  and  containing  about  2^^ 
per  cent  of  carbon  is  cooled  rapidly,  white  cast  iron  results. 
This  is  silver  white  on  the  fracture  and  very  brittle.  It  is  so 
hard  that  it  cannot  be  machined  to  shape  in  a  lathe.  On  the 
other  hand,  iron  high  in  silicon  {e.g.  2^^  per  cent)  and  carbon 
(3)2  per  cent)  if  cooled  slowly  forms  gray  cast  iron,  gray  in 
color,  and  soft  enough  to  be  easily  machined.  The  reason  for 
these  facts  will  be  considered  in  a  later  section. 

890.  Wrought  Iron. — Wrought  iron  is  one  of  the  purest 
commercial  forms  of  the  metal.  It  contains  less  than  0.3  per 
cent  of  carbon  and  only  traces  of  silicon,  phosphorus  and  sulfur; 


Fig.  124 

although  it  holds  in  mechanical  admixture  a  small  amoimt  of 
solid  slag.  The  conversion  of  molten  pig  iron  into  wrought  iron 
is  accomplished  by  oxidizing  the  elements  to  be  eliminated, 
thus  converting  the  carbon  into  gaseous  monoxide,  CO,  and 
the  others  into  a  molten  slag  consisting  largely  of  ferrous  silicate 
and  ferrous  phosphate.  The  oxidation  is  carried  out  by  mixing 
the  molten  pig  iron  at  a  white  heat  with  oxides  of  iron. 

This  process  of  making  wrought  iron,  usually  known  as  pig 
boilingi  is  carried  out  in  a  so-called  puddling  fumacei  Fig.  124. 
This  is  a  small,  simple  form  of  reverberatocy  furnace.  This 
kind  of  furnace  is  so  called  because  heat  from  the  flame  pro- 
duced in  the  fire  box  is  reflected  or  reverberated  from  the  top  of 
the  f urnaqe  to  the  material  on  the  hearth  beneath.  In  a  rever- 
beratory  furnace  the  material  to  be  heated  is  not  contaminated 
by  contact  with  the  fuel.    In  the  puddling  £umace  the  hearth 
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is  Lined  with  iron  oxides,  which  may  be  very  pure  ore  (hematite 
or  magnetite)  or  so-called  hammer  scale,  which  is  chiefly 
Fe»0<.  The  process  consists  in  melting  about  400  pounds  of 
pig  iron  on  the  hearth  and  adding  to  the  molten  metal  powdered 
iron  oxides  and  stirring  (rabbling)  the  mixture  thoroughly 
with  an  iron  bar.  A  vigorous  reaction  soon  begins.  The  car- 
bon monoxide  formed  by  the  reacl'ons 

Fe.O^-|-4C^4CO-(-}Fe 
Fc,04+C->CO+,iFeO 

escapes,  causing  the  material  to  appear  to  boil,  hence  the  term 
pig  boiling.  The  ferrous  oxide  formed  in  the  last  reaction 
unites  with  silicon  dioxide  formed  by  oxidation  of  the  sflicon 
to  form  a  silicate  and  witli  phosphorus  pentoxide  produced  by 
oxidation  of  the  phosphorus  to  form  a  phosphate.  These  fused 
saJts  form  the  bulk  of  the  slag.  The  sulfur  present  is  partly 
converted  bito  sulfide  that  passes  into  the  slag,  and  partly  into 
sulfur  dioxide,  which  escapes  as  a  gas. 

The  purified  iron  that  results  from  these  reactions  melts  at 
a  much  higher  temperature  than  docs  pig  iron,  with  the  result 
that  as  the  process  approaches  completion  semi-solid  masses  of 
iron  form  in  the  mixture.  These  are  gathered  into  a  white  hot 
ball  by  the  puddler  and  worked  about  on  the  hearth  by  means 
of  an  iron  rod  (rabble)  until  the  mass  is  nearly  freed  from  slag. 
It  is  next  subdivided  and  the  smaller  plastic  lumps,  still  white 
hot,  removed  and  worked  by  hammers  or  mechanically  operated 
squeezers  to  remove  as  much  as  possible  of  the  still  liquid  slag. 
The  product  is  then  roUed  into  bars,  etc. 

Wrought  iron  is  exceedingly  tough  and  not  at  all  brittle. 
When  it  is  heated  to  a  high  temperature  it  is  easily  welded  (803), 
or  it  may  be  wrought  (forged)  into  any  desired  shape  on  a  black- 
smith's anvil. 

891.  The  Bessemer  Process. — The  manufacture  of  wrought 
iron  is  both  laliorious  and  expensive.  This  is  because  it  re- 
quires most  strenuous  manual  labor  and  that  by  a  skilled  work- 
man (o  produce  in  the  course  of  several  hours  a  batch  of  a  lev 
hundred  pounds  uf  this  desirable  form  of  iroAi 
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the  importance  of  a  process  that  produces  from  pig  iron  a  prod- 
Oct  equal  or  superior  to  wrought  iron  in  quality  in  batches  of 
1$  to  20  tons,  with  little  hand  labor,  in  20  minutes'  time,  using 
the  cheapest  of  all  oxidizing  agents,  namely,  air! 

This  process  was  first  carried  out  by  an  American,  William 
KeUy,  in  1846,  and  later  perfected  after  many  years  of  per- 
sistent experimenting  by  Sir  Henry  Bessemer,  an  Englishman. 
Theoretically  the  process  is  very  simple:  a  powerful  blast  of  air 
is  forced  through  molten  pig  iron  contained  in  a  vessel  lined 
with  silica  or  silicates.  The  air  oxidizes  the  carbon,  silicon 
and  manganese  (889)  of  the  melted  iron  to  oxides.  The 
oxide  of  carbon,  being  a  gas,  passes  off,  the  ^icon  dioxide 
unites  with  the  oxides  of  iron  and 
manganese  (as  in  the  pig  boiling 
process)  to  form  a  fusible  slag. 
The  iron  b  thus  freed  from  other 
elements  excepting  sulfur  and 
phosphorus.  By  a  modification 
of  the  process,  even  the  latter  can 
be  removed.  During  the  process 
much  heat  is  rapidly  produced 
and  the  temperature  of  the  ma- 
terials rises  so  high  that  both 
-,  metal  and  slag  remain  molten. 
^°-  "S  Simple  as  it  appears  when  thus 

stated,  enormous  difSculties  had 
U»  be  overcome  before  the  process  was  perfected.  The  product 
is  known  as  Bessemer  steel. 

The  process  is  carried  out  in  a  huge  vessel  called  a  conrertei, 
Fig.  125.  This  is  built  of  steel  plates  and  lined  with  silicious 
material.  It  is  supported  on  tninions,  so  that  it  can  be  tilted 
to  pour  out  its  contents.  The  pig  iron  used  for  the  charge  is 
not  allowed  to  cool  after  being  drawn  from  the  blast  furnace 
{887)  but  is  swiftly  carried  in  a  great  ladle  mounted  on  a  rail- 
road truck  and  run  into  the  converter  and  blown  at  once. 
Silicon  an<l  manganese  burn  first;  after  a  few  minutes,  whai 
the  oxidation  of  the  carbon  begins,  a  flame  shoots  out  to  1 
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ight  of  20  or  30  feet   with  a  great  shower  of  brilliani  sparks. 

tftcr  15  or  20  minutes  the  flame  dies  down,  all  the  carbon 

ift^-i^g  been  burned  out.     At  this  stage  a  small  but  definite 

proportion  of  an  iron-manganese  alloy  called  ferro-mangaiiese 

is  added      ITiis.  by  reason  of  its  manganese  content,  removes 

excess  oxygen  or  reduces  oxides  of  iron  in  the  metal  and  thus 

prevents  brittleness  at  a  red  heat  (red  shortness)  that  would 

herwise  exist.     The  carbon  content  of  the  product  is  brought 

I  to  the  desired  point  by  adding  anthracite  coal  or  other 

1  of  carbon,  and  the  metal  is  then  cast  in  iron  molds  (ingot 

lolds)  about  15  inches  square  and  4  or  5  feet  deep. 

I  The  whole   process,   from   the  time  the  molten  pig  iron  is 

Irawn  from  the  blast  furnace  until  it  has  been  cast  into  ingots, 

quires  less  than  an  hour, 

892.  The  Basic  Bessemer  Process. — The  process  just 
described  does  not  lower  the  phosphorus  content  of  the  pig 
iron  appreciably.  Since  the  finished  steel  must  not  contain 
more  than  a  small  fraction  of  one  per  cent  of  phosphorus,  pig 
iron,  which  carries  more  than  the  upper  limit  of  phosphorus 
allowed  in  steel,  is  unsuitable  for  the  Bessemer  process  in  its 
original  form.  While  a  large  part  of  the  pig  iron  produced  in 
the  United  States  is  sufficiently  low  in  phosphorus,  that  pro- 
duced in  Germany  run,'^  over  2  per  cent  of  this  element.  Two 
Englishmen,  Thomas  and  Gilchrist,  modified  Bcssemer's  process 
by  lining  the  converter  with  basic  materials,  such  as  burnt 

lagnesite  (largely  MgO)  and  by  adding  limestone  along  with 
■  charge.  The  strongly  basic  slag  produced  takes  up  the 
losphonis  of  the  pig  iron,  forming  calcium  phosphate,  and 
s  steel  low  in  phosphorus.  In  the  basic  Bessemer  process,  a 
I  part  of  the  heat  is  derived  from  the  burning  of  the  phos- 
To  be  suitable  for  this  process  the  pig  iron  must  con- 
tain 2  per  cent  or  more  of  phosphorus.  The  basic  process 
(Thomas-Gilchrist  process)    is   not   much   used   in  America, 

893.  The  Open  Hearth  Process.— Progress  is  ever  the  watch- 
IDrd  of  the  successful  chemical  technologist.     If  a  given  proc- 

i  has  some  inherent  defect  or  limitation,  he  tries  to  invent 
knew  one  to  overcome  the  difficulty.     Now,   the  Bessemer 
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process  b  suitable  for  pig  iron  with  less  than  0.1  per  cent  <rf 
phosphorus  (acid  lining)  or  more  than  2  per  cent  (basic  lining 
but  not  for  material  of  intermediate  composition.  The  pud- 
dling (pig  boiling)  process  (8gi)  is  handicapped  because  it 
is  limited  to  the  production  of  batches  of  a  few  hundred  pounds 
and  because  the  temperature  is  not  high  enough  to  keep  the 
charge  melted  to  the  end  of  the  purification  and  thus  allow 
the  production  of  steel  The  Open  hearth  [ffocess  surmounts 
all  these  difhculties  It  is  one  that  combines  the  advantages 
of  the  puddling  and  Bessemer  processes  and  produces  lii{^ 
grade  steel  from  matenal  having  a  wide  range  of  compositioo 
with  respect  to  phosphorus  and  other  components  as  well.  The 
development  of  this  process  was  made  possible  by  the  inven- 
tion by  Sir  William  Siemens, 
an  En^ishman,  of  a  method  of 
producing  an  extremely  hi^ 
furnace  temperature  by  the  use 
of  gaseous  fuel  and  without  re- 
l  5  course  to  the  heat  furnished  by 
the  oxidation  of  the  siliron, 
phosphorus,  or  carbon  of  the 
charge.  Siemens'  invention 
Fir   116  consists  in  a  method  of  heating 

the  fuel  gas  and  air  separatdy 
to  a  high  temperature  before  the  gas  is  burned.  This  is 
accomphshed  by  the  use  of  the  waste  heat  ol  the  very  hot 
gaseous  products  of  combustion  that  come  from  the  fur* 
nace.  The  process  resembles  somewhat  that  by  which  the 
air  supplied  to  the  blast  furnace  is  heated  in  stoves  (B87)- 
In  this  case,  however,  both  fuel  gas  and  air  are  preheated. 
Since  both  fuel  and  air  are  at  a  high  temperature  before  they 
combine,  the  heat  of  combustion  raises  the  temperature  to  a 
point  well  a^ve  the  melting  point  of  pure  iron,  1530°.  This 
temperature  is  about  400°  higher  than  the  melting  pc&at  of  [Hg 
iron.  The  essential  features  of  the  Siemens  open  hearth  fur- 
nace are  shown  dia grammatically  in  Fig.  126.  The  fuel  ps 
burns  in  the  space  abo^'e  the  hearth,  the  waste  gases  pass  out 
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and  traverse  one  of  the  two  brick  checker  work  preheaters  from 
which  they  pass  up  the  chimney.  At  the  same  time,  air  and 
fuel  gas  are  being  heated  separately  by  passage  through  the 
other  preheater  which  previously  has  been  heated  white 
hot  by  waste  gases.  Every  half  hour  the  direction  of  flow  of 
the  waste  gases  on  the  one  hand  and  the  fuel  gas  and  air  on  the 
other  is  changed  so  that  one  preheater  is  being  heated  while 
the  other  is  giving  up  its  heat  to  the  fuel  and  air. 

The  open  hearth  process  may  be  used  with  either  acid 
(silica)  or  basic  (magnesia)  lining  just  as  in  the  Bessemer  proc- 
ess. But  it  is  the  basic  process  that  is  of  far  the  greater  im- 
portance, since  this  allows  the  treatment  of  charges  with  all 
ranges  of  phosphorus  content.  Furthermore,  by  a  procedure 
introduced  by  Messrs.  Martin  of  France,  scrap  steel  is  usually 
added  to  the  pig  iron  charge;  hence  arises  the  name,  the 
Siemens-Martin  open  hearth  process.  Al  tlie  presctU  lime 
about  ihrce-jourths  of  all  the  steel  produced  in  the  United  Slates 
is  made  by  this  process. 

The  process  is  carried  out  by  charging  the  furnace  (basic  lin- 
ing) with  20  to  60  tons  of  pig  iron  (cither  cold  or  molten),  scrap 
steel,  and  scrap  iron,  together  with  several  tons  of  lime  or  lime- 
stone. As  the  charge  melts  down,  part  of  the  silicon  and  man- 
ganese are  oxidized  and  pass  into  the  slag.  The  addition  of 
iron  ore  at  this  stage  accomplishes  further  oxidation  and  elimina- 
tion of  all  important  impurities,  excepting  sulfur,  which  is  only 
partly  removed.  The  regulation  of  the  temperature,  the  com- 
position of  the  stag  and  the  intensity  of  oxidation  are  all  sub- 
ject to  easy  control.  The  products,  metal  and  slag,  remain 
molten  until  a  chemical  analysis'  of  the  steel  shows  the  correct 
composition.     The  metal  is  then  cast  into  ingots. 

894.  Other  Processes  for  Making  Steel.^ — The  cementation 
process  of  making  steel  antedates  the  other  process  already 
described.  It  consists  in  heating  wrought  iron  in  contact  with 
powdered  charcoal  to  a  high  temperature  for  several  days.  The 
iron  strips  or  bars  are  packed  in  the  charcoal  jiowder  and  con- 


'  Kvtiy  slccl  works  boa  a  chemical  laborutory  and  a  staff  of  chcQ 
^   ^Hlg^  an  be  coapteted  in  afaow  »o  milium. 
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tained  in  dosed  iron  boxes  which  are  then  heated  in  a  furnace. 
Sufficient  carbon  is  taken  up  by  the  iron  to  change  it  into  a 
product  which,  with  proper  subsequent  heat  treatment,  be- 
comes extremely  hard  and  elastic.  This  steel  was  used  for 
knives,  tools,  etc.  The  product  of  the  cementation  process  was 
of  variable  composition,  omng  to  unequal  absorption  of  carbon 
even  by  the  different  iron  bars  of  a  single  lot.  A  greatly  im- 
proved and  very  uniform  product  is  produced  by  melting  cemen- 
tation steel  in  crucibles  of  clay  or  graphite.  The  product,  called 
crucible  steeli  is  the  highest  grade  steel  made.  It  is  used  for 
razors,  dies,  fine  steel  instruments,  etc. 

During  the  last  15  or  20  years  electric  arc  furnaces  have 
come  into  rather  extensive  use  for  the  manufacture  of  steel. 
These  furnaces  allow  far  easier  control  of  conditions  such  as 
tem|>erature,  oxidizing,  or  reducing  atmosphere,  acidity  or  ba- 
sicity of  flux,  etc.  than  is  possible  in  any  other  process.  So- 
called  electric  steel  seems  to  offer  great  possibilities. 

895.  The  Working  of  Iron  and  SteeL — In  our  description  of 
the  Bessemer  and  open  hearth  processes  we  ended  in  each  case 
with  the  casting  of  ingots,  pieces  of  metal  weighing  several  tons. 
As  a  rule  these  are  not  allowed  to  cool  but  are  worked  up  into 
merchantable  shapes,  such  as  rails,  beams,  plates,  etc.,  in  the 
rolling  mills  that  form  an  important  part  of  every  steel  works. 
The  ingots  while  still  red  hot  are  drawn  from  the  molds  and 
carried  at  once  to  a  furnace  in  which  they  are  heated  uniformly 
until  the  metal  is  somewhat  plastic;  since  fortunately  iron  has 
the  property  of  becoming  gradually  softer  as  its  temperature  is 
raised.  The  white  hot  ingot  is  then  run  through  a  series  of 
power  driven  rolls  having  grooved  faces,  for  the  production  of 
the  desired  finished  shapes.  Each  pair  of  rolls  diminishes  the 
cross  section  of  the  piece  and  increases  its  length.  Finally  the 
finished  pieces  are  cut  into  the  desired  lengths,  while  still  hot, 
by  steel  saws. 

Many  shapes  that  cannot  be  produced  by  rolling  are  made 
by  forging  the  hot  metal  by  the  aid  of  huge  power  driven  ham- 
mers. Complex  shapes  are  made  by  the  use  of  steel  dies  into 
which  the  hot  plastic  metal  is  forced  by  powerful  hammer  blows. 
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Theweldiug  of  iron  is  a  process  of  uniting  two  pieces  of  iron 
by  hammering  or  pressing  Uiem  together  at  a  white  heat.  In 
welding,  the  surfaces  to  be  united  should  be  clean  and  free 
from  oxide.  Borax  is  usually  used  as  a  flux  to  dissolve  the 
oxide  (803).  Only  wrought  iron  and  mild  (low  carbon)  steel 
can  be  welded.  The  use  of  the  oxyacetylene  torch  in  the  cut- 
ting and  welding  of  iron  has  already  been  mentioned  (315). 
In  acetylene  welding,  a  rod  of  nearly  pure  iron  is  used  to  furnish 
molten  iron  lo  weld  together  two  adjacent  pieces  of  metal. 

8g6.  The  Effect  of  Sulfur  and  Phosphorus  in  Iron  or  Steel. — 
Sulfur  is  always  an  objectionable  impurity  in  iron  and  steel  and 
its  amount  should  never  e.\ceed  0.05  of  one  per  cent.     If  present 
in  larger  proportions,  sulfur  causes  cracks  to  form  in  the  metal, 
especially  when  the  latter  is  worked  at  a  red  beat.     The  be- 
havior of  sulfur  seems  to  be  due  to  the  formation  of  easily  fusible 
ferrous  sulfide    FeS  (339,  601).     The  presence  of  manganese 
tends  to  counteract  the  bad  effect  of  sulfur  by  forming  with  it  a 
^julfide,  MnS,  which  is  less  harmful  than  FeS. 
^krThe  presence  of  phosphorus  in  steel  in  amounts  over  o.!  of 
^HiK  per  cent  causes  marked  brittleness  in  the  cold  steel.    The 
^^anger   is  increased   by  reason  of   the  fact  that  as  the  steel 
solidi&es  in  the  ingot  mold  (8<)l),  the  phosphorus  compounds 
tend  to  segregate  in  the  last  portions  to  solidify  (upper  central 
portion).     If  this  part  of  the  ingot  is  not  rejected,  the  rails  (for 
example)  will  be  defective  in  places  where  the  phosphorus  con- 
tent is  high.     The  failure  of  such  high  phosphorus  rails  has  led 
in  the  past  to  numerous  railroad  wrecks.     These  facts  were 
established  in  numerous  cases  by  chemical  analjfsis  of  the  rails 
that  had  failed. 
^p.  The  presence  of  phosphorus  in  cast  iron  is  in  some  cases 
^Plesirable,  and  may  be  as  high  as  one-haU  of  one  per  cent,  or 
^  sometimes  higher.     Phosphorus  increases  the  fluidity  of  molten 
cast  iron  and  makes  easier  the  production  of  thin  castings.     In 
small  proportions,  it  is  said  to  increase  the  strength  of  the  cast 
iron. 

897.  The  Tempering  of  Steel.— The  most  important  differ- 
ence between  steel  and  iron  is  the  quality  of  the  former  by  rea- 
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son  of  which  it  may  be  rendered  haxd  or  soft  by  certain  heat 
treatments.  If  steel  containing  about  0.9  per  cent  of  carbon  is 
suddenly  cooled  from  a  bright  red  heat  (about  800^)  to  ordinary 
temperature  it  is  rendered  extremely  hard.  At  the  same  time 
its  elasticity  and  brittleness  are  increased.  If  the  same  samide 
of  hardened  steel,  after  being  again  heated  red  hot,  is  cooled 
very  slowly  it  will  be  made  so  soft  that  it  can  easily  be  filed 
or  cut  with  a  lathe  tool.  Files  and  lathe  tools  are  made  oi 
hardened  steel.  It  is  usually  desirable  to  produce  steel  having 
less  than  the  maximum  hardness  and  brittleness.  This  is  ac- 
complished by  partially  drawing  the  hardness  of  completely 
hardened  steel  by  heating  it  for  a  short  time  to  200  to  300^  and 
then  suddenly  cooling  the  piece  with  water.  This  procedure 
is  called  tempering.  In  this  way,  it  is  possible  to  produce  a  prod- 
uct of  the  desired  hardness  and  toughness.  Iron  containing 
little  or  no  carbon  cannot  be  hardened  by  sudden  cooling. 

For  various  classes  of  steel,  the  ordinary  practical  limits  of 
carbon  lie  between  0.2  and  1.5  per  cent;  since  with  greater 
proportions  of  carbon  the  hardened  steel  is  too  brittle  to  be 
serviceable. 

The  causes  of  the  variations  of  properties  of  steel  and  cast  iron 
with  percentage  composition  and  with  heat  treatment  have 
been  the  subject  of  very  extensive  investigations,  for  which 
neither  money  nor  brains  have  been  lacking.  A  great  deal  has 
been  accomplished;  but  much  still  remains  to  be  discovered. 
The  matter  is  so  complex  that  it  can  only  be  touched  upon  here. 
Iron,  like  sulfur  (600),  phosphorus  (582),  carbon  (630),  and 
many  o4iier  elements  can  exist  in  more  than  one  allotropic 
form.  The  three  forms  of  iron  are  known  as  alpha  (a)  iron,  beta 
(jS)  iron  and  gamma  (7)  iron.  The  first,  a,  is  stable  at  ordinary 
temperatures  and  changes  to  the  second,  /3,  at  750®.  Upon 
being  cooled,  /3  iron  changes  to  a  iron  below  this  temperature. 
The  case  is  like  that  of  rhombic  and  monoclinic  sulfur,  for  which 
the  transition  temperature  is  95*^  (600). 

Beta  iron  is  stable  between  750*^  and  860*^  at  which  latter 
temperature  it  changes  into  7  iron.  The  two  transition  points 
for  a-/3  and  fi-y  iron  may  be  found  experimentally  by  appU- 


cation  of  the  same  pdodple  that  cnaUes  one  to  find  die  Bwritriag 
point  of  ice.  When  ice  mdts.  heat  is  absorbed  ^Ii8/.  A  tbcr- 
mometer  suirounded  br  ice  in  a  warm  room  rcmaiiK  at  o'  mmsak 
the  ice  is  all  changed  to  water.  Xow  when  a.  iron  cfaanspes  to 
^  iron  (at  750°)  hcatis  absoibed.  In  cotBeqaence.  if  a  block  cf 
iron  is  placed  in  a  fnraaGe  at  1000^.  for  example,  its  tecpeiatiBe 
will  rise  steadlv  op  to  750'  and  then  remain  stataooary  at  th^ 
point  until  thechangtof  a  to^iscossspleted.  The teicpefatsxe 
of  the  iron  block  will  a^n  rise  steai£h'  mitfl  it  reaches  &6c^. 
wiiere  it  stops  once  more  <i*irin^  the  chan^  of  ^  to  ^.  Cpoa 
cooling  the  rrrerse  occnr^:  the  fsC  of  temperatare  hihs  at 
two  places  OMTtspfjoAa^  to  the  two  txan^tSon  pdnts. 

Let  OS  ncyw  tam  to  aacAher  t«^.  the  csibon  ooDteiit  <?€  the 
iroiL  Iron.  Eke  maav  other  metak  cakinin^  gScoiL  iJ^T  JH^ffi:, 
631)  forms  a  cstide.  TUs  has  the  fonm2la  FesC  sad  ccicLfiiBs 
6.7  per  ocnt  of  carbon.  Has  caji»d&  cf  iixsi  is  kskcnrm  as 
ieiiientite.    Itdeocxspoiesistoitsccm^driiisi^^bcn'eiocx:*. 

Pure  inm  mdts  at  2530^.  At  this  teirperatsre  xi  dc^ssc^irvs 
several  per  oent  of  caiboat  The  sofiifi&caiScni  pccin  irceisa^ 
point  *  of  iroa  is  knrertd  br  <fii>^Gh€d  czjbcm  jitf^.  as  if  ihe 
freezing  pent  of  water  ajiruimxEg  a  tSsd^iSTfsd  scbf^Lzsict  TiS  . 
The  «it^«MiinT>  knFering  H  pixidiuDed  b}'  a^j  per  cowl  cc  cet^wsl 
Irooof  tiiscon^Kisiiun  castirctti,  yuamittEiii^^  A- liie 
same  time,  mort  than  half  of  the  4.3  pa-  otsti  gc  carbon  sepKTEi'CS 
out  as  graplste.  wioch  j^ves  to  ^^y  'mm  rib  dxarsiCienscDc  ap- 
pearance. Tht  ranaindt?  of  lit  carb-in  a-txiirt  i-r  pc  cfsnL. 
remains  nxnformh'  dii»!ieiDinaied  thrnutxd:  ibt  huIJd  rxic  cEzxnEa 
iormj  and  k  said  to  IcrzL  2;  M&d  bciteiux:  caLed  mflnenoie  in 
the  -y  iron.  At  tjeBC5itral.i2r«  beicnr  looc'  thn-  carbcn:  cc  the 
solid  solutian  can  mote  with  iruD  u*  iom:  the  canBck  Ft^C 


v«>(r^ii* 


Now.  it  sgjpeais  that  tht  dosui^^  of  ->  xdic»  i  iron  and  j  iiiic<  n 
iron  are  greatly  iimd»:red  vy  ihe  pr^ratoict  in'  carbar.  >i.  liuit  if 
stad  cuntainxng.  let  Ufc  bay,  i.c  p*r  ctm:  of  cartfoi:  L-  rtKikrc 
quidJi'  to  urdixuir}'  t*rn:5*era.ti2re  tht  chiiiifft  i:  c  irji.  D.»t^  nic 
occur  to  an  aj^»:cialiit  *m*mi  Tiit  vt^r}  hiirc  loii  "irirLit 
prudoct  lb  ther»fiur»r  iargeiy  tfat  ^oiid  MiiutitJi:  of   zxirttm:  it  £ 
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(or  7)  iron,  called  martcnsite.  When  tWis  is  tempered  by  gentle 
heating  to  200  to  300*^,  more  or  less  of  the  martensite  changes  to 
a  iron  (ferrite)  and  cemcntite,  whereby  the  product  increases 
in  toughness  and  decreases  somewhat  in  hardness. 

The  most  useful  method  of  stud>ing  the  physical  composition 
of  steel  is  by  means  of  the  microscopic  examination  of  polished 
and  etched  samples.  Photomicrographs  made  of  such  samples 
always  show  steel  to  be  of  heterogeneous  structure.  The  study 
of  alloys  in  this  fashion  is  called  metallography.  The  metallo- 
graphic  examination  of  steel  forms  an  indispensable  part  of  the 
tests  made  in  practice  to  determine  whether  the  material  comes 
up  to  the  specifications  of  the  contract  on  which  it  is  bought. 

898.  Alloy  Steels. — When  steel  tools  are  heated  and  then 
cooled  slowly,  the  steel  loses  its  "tempter"  and  they  become 
worthless.  As  a  consequence,  the  invention  of  special  alloy 
steels  which  are  indifTercnt  to  heat  treatment  has  been  of  tre- 
mendous importance  for  cutting  tools  used  on  lathes.  These 
are  tungsten  steels  which  have  been  subjected  to  a  special  heat 
treatment.  With  the  best  carbon-steel  tool  a  lathe  could  be 
run  at  about  30  feet  a  minute  without  spoiling  the  tool.  With 
a  high  speed  steel  tool  it  can  be  run  at  the  rate  of  300  feet  a 
minute.  The  tool  may  even  become  red  hot  ijvithout  losing  its 
cutting  power. 

Many  other  steel  alloys  are  in  use  for  special  purposes.  For 
example  a  14  per  cent  manganese  steel  is  used  for  burglar  proof 
safes,  since  it  is  too  hard  to  be  cut  or  broken;  silicon-manganese 
steels  are  used  for  springs;  nickel-chromium  steel  for  engine 
shafts,  projectile  cases,  and  armor  plate.  The  familiar  "stain- 
less steel ''  used  in  cutlery  is  a  chromium  steel  containing  small 
proportions  of  cobalt,  manganese,  etc.  It  is  not  stained  by 
contact  with  food  stufTs.  Vanadium  steel  is  much  used  for 
automobile  parts  because  of  its  great  tensile  strength  and 
elasticity. 

899.  Copper  and  Its  Ores. — Copper  ranks  next  to  iron  in 
economic  imix)rtance.  Over  half  of  the  world's  output  of 
copjKT  is  produced  in  the  United  States.  Four  states,  Arizona, 
Montana,  Utah  and  Michigan  produce  over  80  per  cent  of  the 
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domestic  copper.    Much  of  the  ore  is  converted  into  metallic 

I  copper  in  the  states  where  it  is  mined.  A  great  variety  of 
copper  bearing  minerals  are  known;  but  the  number  of  practical 
importance  is  small. 
t  Metallic  or  native  copper  is  the  chief  ore  in  Michigan.  In 
■he  western  states,  sulfide  ores  predominate,  the  most  impor- 
tant being  chalcopyrite,  CuFeSa-  Ores  of  copper  containing 
arsenic,  antimony,  iron,  lead,  zinc,  silver,  gold  or  other  elements 
also  occur.  Near  the  earth's  surface,  in  place  of  sulfides  there 
are  found  oxides,  carbonates  (e.g.  malachite,  34),  silicates,  etc., 
which  have  formed  by  the  natural  oxidation  of  the  sulfides  and 
reaction  with  water,  carbon  dioxide,  silica,  etc. 

The  minimum  copper  content  that  an  ore  must  have  to  be  of 
commercial  value  depends  on  several  factors,  among  which 
are  the  locality  of  the  deposit,  the  cost  of  extracting  the  metal, 
ttnd  the  prevailing  price  of  metallic  copper.  At  present  {1919) 
the  Michigan  mines  producing  native  copper  can  be  run  at  a 
profit  on  ores  carrying  less  than  one  per  cent  of  this  metal. 
The  average  copper  content  of  ores  being  mined  at  present  in 
the  United  States  is  less  than  2  per  cent. 

Qoo.  Ore  Dressing. — If  an  ore  contains  but  2  per  cent  of 
copper  it  will  usually  con.sist  to  a  large  extent  of  rock  and  earthy 
material,  the  so-called  gangue.  The  gangue  of  copper  ores  is 
usually  high  in  silica  and  silicates  of  aluminum,  magnesia, 
calcium,  etc.  Sometimes  carbonates  of  the  last  two  elements 
are  present.  Ores  from  the  western  states  usually  contain  a 
L  large  percentage  of  pyrite,  FeSj.  Most  copper  ores  before 
H  being   smelted  are   put   through   mechanical   processes   which 

■  separate  a  large  part  of  the  gangue  from  the  ore  as  mined 
and  thus  give  concentrates  much  richer  in  copper  than  the 
original  ores.  These  processes  are  known  in  general  as  ore 
dressing.  The  possibility  of  concentrating  ores  like  those 
here  considered  rests  on  several  radically  different  principles. 
The  most  imptirlant  of  these,  on  which  all  of  the  older  methods 

■  of  concentration  arc  bases,  depends  the  fact  that  the  valuable 
^■tnunerals  are  all  much  dcmer  than  the  gangue.  Thus  the 
^BjUenstty  of  chalcopyrite  is  4.3  while  that  of  quartz  (silica)  is 
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2.6.  In  concentrating  ores  the  latter  are  crushed  so  as  to 
produce  small  fragments  which  consist  either  of  fairly  pure 
mineral  or  of  worthless  gangue.  The  fine  material  is  then 
screened  or  otherwise  treated  so  as  to  classify  the  product  with 
respect  to  size  of  grains.  If  now  grains  of  approximately 
uniform  size  are  agitated  with  water,  the  denser  grains  of 
mineral  will  tend  to  settle  to  the  bottom  of  the  contai  ner  so 
that  the  gangue  can  be  washed  away  with  the  water.  Numer- 
ous ingenious  devices  for  the  practical  application  of  this 
principle  are  in  extensive  use.  These  comprise  jigs,  spitz- 
kasten,  vanners,  Wilfley  tables,  etc.,  descriptions  of  which  are 
to  be.  found  in  most  books  on  metallurgy.  The  miner's  pan 
by  which  gold  was  freed  from  gangue  by  washing  with  water 
was  the  original  concentrating  device. 

The  flotation  process  of  concentration  consists  in  violently 
agitating  finely  powdered  sulfide  ores  with  water  and  air  and 
a  minute  quantity  of  an  oil.  The  oil  adheres  to  sulfide  minerals 
:is  a  thin  film  and  the  oil  coated  particles  become  attached  to 
minute  air  bubbles  and  are  thus  carried  to  the  surface  of  the 
water  as  a  froth  while  the  worthless  gangue  settles  to  the  bottom. 
This  process  has  in  recent  years  become  of  very  great  importance 
in  the  concentration  of  the  ores  of  copper,  zinc,  lead,  etc. 

By  means  of  various  methods  of  dressing  it  is  usually  practi- 
cable to  eliminate  two-thirds  or  more  of  the  worthless  gangue. 

901  •  Principles  of  the  Metallurgy  of  Copper. — ^The  principal 
problem  confronting  the  metallurgist  of  western  America  is 
the  preparation  of  copp>er  of  99.95  per  cent  purity  or  better 
from  ores  containing  less  than  2  per  cent  of  this  metal  together 
with  far  larger  proportions  of  iron,  sulfur  and  silica,  and  consid- 
erable amounts  of  many  or  all  of  the  elements,  lead,  zinc, 
aluminum,  calcium,  magnesium,  arsenic,  antimony,  and  small 
amounts  of  many  others,  notably  selenium,  tellurium,  bismuth, 
silver  and  gold.  In  the  solution  of  this  problem  he  must  not 
only  make  pure  copper;  but  he  must  get  a  good  recovery  of 
the  ore  content  of  this  metal  and  at  the  same  time  save  nearly 
the  whole  of  the  valuable  silver  and  gold  present.  It  is  easy 
to  see  that  this  problem  is  far  more  complex  than  that  involved 
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the  production  of  pig  iron  (888).  Naturally  the  details  of 
the  metaJluTgical  processes  will  vary  in  different  localities  by 

lason  of  considerable  variation  in  the  nature  of  the  ores. 
Nevertheless  the  general  procedure  is  tolerably  uniform  through- 
out the  whole  of  western  America,  including  Canada  and 
NIexico.  The  usual  process  consbts  of  three  or  four  separate 
steps.  In  the  four-step  process  the  ores  are  first  strongly 
heated  in  air  (roasted)  to  oxidi2e  iron,  sulfur  and  arsenic  and 
drive  ofl  the  last  two  as  oxides.  The  product  (calcine)  is 
then  melted  down  (smelted)  in  huge  reverberator^'  furnaces 
^90)  to  form  two  products,  slag  and  matte,  both  liquid  at  a 
while  heat.  The  matte  b  largely  a  crude  sulAde  of  copper 
and  iron  and  contains  also  the  silver  and  gold  of  the  ore.  In 
the  third  step  the  molten  matte  is  oxidized  by  a  blast  of  air  ina 
vessel  resembling  a  Bessemer  converter.  Here  the  sulfur  b 
eliminated  as  SOj,  the  iron  oxidized  and  combined  with  the 
silica  of  the  lining  of  the  converter  to  form  a  dag,  and  the 
copper  set  free  as  crude  metal  containing  also  silver  and  gold. 
The  fourth  and  final  step  in  the  purification  is  the  electrolytic 
refining  of  the  crude  copper.  In  the  three  step  process,  the 
first  two  steps  above  mentioned  are  combined.  In  thb  case 
the  ore,  rich  in  sulfur  (pyrite),  is  smelted  directly  in  a  blast 
furnace  somewhat  resembling  that  used  for  iron  (88g).  Here 
a  large  part  of  the  heat  b  supplied  by  the  burning  of  the  pyrite 
(FeSa),  the  remainder  being  fumbhed  by  the  burning  of  coal 
added  to  the  charge.  The  non-gaseous  products  are  again  slag 
and  matte.    The  latter  is  finished  as  above  described. 

It  must  be  evident  that  a  great  variety  of  chemical  reactions 
take  place  in  the  processes  here  outlined.  We  shall  consider  the 
more  important  ones  in  connection  with  the  detailed  descrip- 
tion that  follows. 

902.  The  Roasting  Process.— A  diagram  of  the  vertical 
section  of  a  common  tj-pe  of  roasting  furnace  b  shown  in  Fig, 
127.  This  is  a  cylindrical  structure  15  feet  or  more  in  diameter 
having  6  or  7  hearths,  one  above  the  other.  The  heating 
furnace  is  at  the  base  and  the  ore  b  fed  in  at  the  top.  Power 
driven,  water  cooled  revolving  arms  stir  the  ore  and  on  one 
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Fig.  127 


hearth  slowly  rake  it  to  a  center  opening  where  it  falls  to  the 
next  lower  hearth.  Here  the  rakes  are  so  set  as  to  carry  the  ore 
to  the  circumference  where  it  again  falls  to  the  hearth  below. 
The  material,  usually  finely  divided  concentrates,  is  heated  to 
bright  redness;  but  not  hot  enough  to  melt  it.  Much  heat 
is  developed  by  the  oxidations  that  occur  in  the  process,  so 

that  for  ores  rich  in  pyrite  little  or  no 
other  fuel  is  required  once  the  process  is 
started. 

In   the  roasting  process  the  following  re- 
actions occur: 

FeSj+Oz-^FeS+SOn 

2FeS4-302-*2Fe04-2S02 

4FeO+302-*2Fe203 

4CuS  +  202-^2CU2S+2S02 

^  If  ore  with  about  30  per  cent  of  S  is  used, 
the  roasted  product  (calcine)  contains  7  or  8 
per  cent  S. 

903.  The  Reverberatory  Smelting  Process. — Modem  copper 
reverberatories  are  of  enormous  size,  having  hearths  20  X  140 
feet.  These  furnaces  are  heated  with  powdered  coal  blown 
in  by  an  air  blast,  in  this  way  producing  the  maximum  heating 
effect  of  the  fuel  in  the  smelting  chamber.  The  great  heat 
energy  of  the  waste  combustion  gases  is  utilized  to  produce 
steam  power  for  nmning  the  plant. 

In  the  reverberatory  the  ore  melts  and  its  silica  content 
unites  with  the  oxides  of  iron  and  smaller  amounts  of  aluminum, 
calcium,  magnesium,  etc.  to  form  a  slag  which  is  nearly  free 
from  copper.  Further  oxidation  of  sulfides  takes  place  with 
the  formation  of  SO2.  Any  oxides  of  copp>er  now  present  react 
with  iron  sulfide  to  form  cuprous  sulfide,  CU2S  and  oxide  of 
iron,  which  latter  passes  into  the  slag  as  a  silicate.  The  sulfides 
of  copper  and  iron  and  of  other  metals  in  much  small  propor- 
tions form  at  a  white  heat  a  fluid  matte,  insoluble  in  molten 
slag.  The  former,  being  of  about  twice  the  density  of  the  latter, 
sinks  to  the  bottom  of  the  hearth  and  is  tapped  out  from  time 
to  time.     The  yield  of  matte  is  about  one-fourth  of  the  weight 
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of  the  charge.    It  coatams  35  per  cent  or  more  of  copper  and 
most  of  the  sflver  and  gokL 

904.  The  CoQfeitei  PlroceK. — ^A  copper  converter  resembles 
a  Bessemer  converter  ^F^.  125);  but  in  some  mstances  it  is 
much  larger  and  may  have  a  capacity  of  more  than  60  tons 
of  matte.  In  the  copper  conversion  process,  the  sulfur  and 
ircm  are  oxidized  and  eliminated  almost  completely^  the  'ormer 
as  SO*,  the  latter  as  ferrous  silicate  ^slag).  Thesilica  issiqpplied 
from  the  day  and  quartz  sand  converter  lining  or,  in  more 
modem  practice,  by  the  addition  of  sOica  with  the  charge  and 
the  use  of  a  converter  lined  with  calcined  magnesite,  which  is 
but  little  attacked.  The  matte  is  diarged  in  the  white  hot 
molten  state  immediately  after  it  is  tapped  frcHn  the  re%'erbera- 
tory.  During  the  conversion,  which  lasts  several  hours,  instead 
of  1 5  to  20  minutes  as  in  the  Bessemer  process,  the  temperature 
is  maintained  by  the  great  heat  of  combustion  of  the  sulfur  and 
the  ircm.  In  additicMi  to  SOs.  the  products  of  the  conversion  are 
dag  'mostly  fenoiK  silicate;  and  crwle  metallic  ojpper  ^bfister 
eopperu  The  formation  of  metaPir  copper  b  largely  brought 
about  by  the  foDowing  reactioiis: 

2C-^S-  ?Or— 2C  -/)-iSOi 
2C  j/)^CT;iS— ^  u^  fiOi 


90S-  The   Copper  Btet  FiirBace.—  Fbe   rzirnjc/c*^  reoectly 

cooitniCKsd  iTf  iLt  Aii2-a>ada  MwiU  C'-^f^r  O^r^Asy  tie 
the  laj^gest  l*!ijst  f'ama.ctt  t-^"tT  bull  ::t  tziy  jrjjpc/st-  Tbey 
are  r«.i£xir'.;lir  in  wxiic/ii  x- v  v,-  \  /  ^7  ftJt^.  iiitidt  tad  iske 
a  ciuLTgt  1 5  it»rt  d«5#-  Tht*it  f '.iniihC-tt  hivt  l  dil;.  cajUhrity  oi 
250c  tc*n5-  Tlkt  chfc.rgt  oiiii.ij'  c€  r*:np?  cc  unrjfci-^-tc  riiw) 
ore  aiiiC  £  «^?thJ1  yr.i^jru'.^L.  cc  c-ilI  :*r  c.it-  F^'^trr'-L  li^its^ts 
of  uiiikth.Virz  iir.  iuircKiuct^d  :r'"»-p'  i:'.:nitr:*u5  :'jytrtt^ 
si^^aJy  vzyz^Zi  vx  tit  i^umluc  .1:  'iitt  c:»l1  i-iii  i-:5<:  l  Itrrt  part 
of  likt  B'jJfur.  Tilt  r*:i*rJ>iii^  '^l.:  :»:::'ur  i-rt  kzlLlz  i:-  tiicifie 
tlxitl  ifckt  yih^jt  iii  iLt  ;.r>'^t:bift:t  .c  r:»2irurir  902  izid  rt^'tr- 
bean-txiT}'  hnitLiinr  903  L^eiiiy  Cit?scri:»f-  Tiit  giiite'.»uS' 
prciducli  sj-t  iO«^.   COi  hzjt  vi^itr  viciic.     il-a±   Lr5*aiic  i 
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volatilized  as  As20s.  This  is  largely  collected  after  it  condenses 
upon  cooling  along  with  other  valuable  dust  in  specially  de- 
vised dust  collectors.  The  liquid  products  are  slag  and  matte. 
The  latter  goes  directly  to  the  converters. 

go6.  Lake  Copper. — ^The  native  copper  ores  of  Michigan 
occur  in  a  small  region  on  the  south  shore  of  Lake  Superior. 
For  many  years  these  deposits  were  the  most  productive  in 
America.  Michigan  now  ranks  fourth  among  the  copper  pro- 
ducing states.  The  metallurgy  of  the  Michigan  ores  is  simple, 
since  they  contain  free  copper  in  a  high  state  of  purity.  The 
ores  are  crushed  and  concentrated,  and  the  concentrate  smelted 
in  reverberatory  furnaces  with  enough  limestone  to  yield  a  good 
slag.  Since  the  copper  is  present  in  the  ore  in  metallic  form, 
it  is  merely  melted  in  this  process,  without  in  the  main  being 
altered  chemically.  Copper  from  this  district  is  known  in  trade 
as  Lake  copper. 

907.  The  Refining  of  Copper. — Crude  copper  (blister  copper) 
obtained  by  the  processes  here  described  must  always  be 
refined.  Blister  copper  is  melted  in  a  reverberatory  furnace 
in  an  oxidizing  atmosphere.  Sometimes  air  is  blown  into  the 
melted  metal  through  an  iron  pipe.  A  small  amount  of  slag 
and  dross  (consisting  of  oxides  of  various  metals)  is  skimmed 
off.  To  remove  cuprous  oxide,  CU2O,  which  is  now  present 
(in  solution)  in  the  molten  copper,  the  latter  is  $lirred  with  poles 
of  green  wood.  When  the  oxide  has  been  thus  reduced  to 
metal,  the  latter  is  tapped  from  the  furnace  and  cast  into 
anode  plates  or  other  forms.  The  metal  is  now  over  99  per 
cent  pure;  but  it  is  not  pure  enough  to  be  used  as  wire  for  elec- 
trical transmission  or  for  the  construction  of  electrical  apparatus 
such  as  generators,  motors,  transformers,  etc.,  since  the  elec- 
trical conductance  of  copper  is  very  greatly  decreased  by  the 
presence  of  minute  amounts  of  impurities.  Furthermore 
all  western  copper  contains  silver  and  gold  in  amoimts  sometimes 
representing  20  per  cent  or  more  of  the  value  of  the  product. 
Very  complete  removal  of  impurities  and  recovery  of  the 
precious  metals  is  accomplished  by  a  process  of  electrolytic 
refining.    The  process  is  very  simple  in  principle.    If  a  solu- 
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tion  of  copper  sulfate  is  electrolyzed  with  copper  electrodes, 
the  anode  passes  into  solution  as  Cu"*"  "•"  ions.  These  migrate 
toward  the  cathode  while  SO  4"  ~  ions  travel  in  the  opposite 
direction.  Cupric  ions  arriving  at  the  cathode  take  up  electrons 
(487)  and  deposit  in  metallic  form.  The  sulfate  ions  remain 
in  solution.  In  practice,  the  cast  anodes  (referred  to  above) 
are  about  2^^  X  3  feet  and  over  an  inch  thick  at  the  start 
while  the  cathodes  are  extremely  thin  sheets  of  very  pure  copper. 
Alternate  cathodes  and  anodes  are  hung  in  a  solution  of  copper 
sulfate  and  free  sulfuric  acid  contained  in  a  lead  lined  wooden 
vaL  The  anodes  are  all  connected  to  the  positive  wire  from  the 
electric  generator,  the  cathodes  to  the  negative  wire.  The  rate 
of  electrolysis  follows  Faraday's  law  (403).  About  i  ounce 
of  copper  is  deposited  in  twenty-four  hours  for  each  ampere 
of  current.  During  the  electrolysis  the  impurities  either 
pass  into  solution  and  remain  dissolved  (arsenic,  nickel,  iron, 
zinc)  or  fall  to  the  bottom  of  the  vat  as  insoluble  residue  (silver, 
gold,  lead,  etc.).  The  electrolyte  is  purified  from  time  to  time 
and  the  mud-like  residue  worked  up  for  silver  and  gold.  The 
cathodes  are  removed  when  they  have  reached  a  thickness  of 
half  an  inch,  metled  down  and  cast  into  ingots,  bars,  rods, 
etc.  The  metal  now  contains  but  a  few  hundredths  of  i 
per  cent  impurity. 

908.  Uses  of  Copper. — ^Thc  various  electrical  industries 
consume  the  bulk  of  the  copper  produced.  Next  to  silver, 
copper  is  the  best  electrical  conductor.  Copper  is  used  ex- 
tensively in  making  various  utensils  (kettles,  stills,  condenser 
worms,  etc.).  Much  copper  is  used  in  the  making  of  brass, 
an  alloy  containing  about  70  per  cent  of  copper  and  30  i>er 
cent  of  zinc.  Brass  is  superior  to  copper  for  many  purposes. 
It  can  be  readily  cast  and  easily  machined  and  is  much  harder 
and  more  elastic  than  copper.  Brass  is  cheap>er  than  copper 
because  zinc  is  much  the  cheap>er  of  the  two  components. 
Many  other  alloy's  of  copper  are  in  use.  Bronze  contains 
copper,  tin,  zinc,  and  sometimes  lead.  German  silver  contains 
copper,  zinc  and  nickel.  All  United  States  coins  contain  copper: 
one-cent  pieces  contain  95  per  cent  copper,  3  per  cent  of  tin 
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and  2  per  cent  of  zinc.  Nickel  five-cent  pieces  (nickels) 
contain  75  per  cent  of  copper  and  25  per  cent  of  nickel. 
Gold  and  silver  coins  contain  10  per  cent  of  copper. 

909.  The  Occurrence  and  Production  of  Lead. — In  1913, 
the  last  year  prior  to  the  war,  the  world's  production  of  lead 
was  about  1,300,000  tons.  The  United  States  was  the  largest 
producer,  furnishing  about  one-third  of  the  whole.  During 
the  war  the  United  States  production  increased  considerably. 
In  1913,  92  per  cent  of  the  domestic  production  came  from 
four  states,  which,  with  the  percentages  produced  by  each, 
were:  Missouri,  35;  Idaho,  31;  Utah,  17;  Colorado,  10.  The 
principal  ore  is  galena,  PbS,  although  the  carbonate,  cerussite, 
PbCOj  and  the  sulfate  anglesite,  PbS04,  are  of  some  im- 
portance. Lead  ores  often  contain  copper,  silver  and  gold  as 
valuable  components  and  also  zinc  sulfide,  which  is  as  a  rule 
detrimental. 

910.  PrincQiles  of  the  Metallurgy  of  Lead.— Ircad  is  even 

more  easily  recovered  from  its  ores  than  is  copper.    The  various 

oxides  are  all  easily  reduced  when  heated  with  hydrogen  or 

carbon  (coal  or  coke).    Lead  oxide,  PbO,  is  formed  by  heating 

the  carbonate  and  also  by  the  oxidation  of  the  sulfide  by  air 

(roasting). 

PbCOr->PbO+C02 
2PbS+302->2PbO-|-2SO, 

The  roasting  of  galena  also  gives  rise  to  lead  sulfate. 

PbS+20j->PbS04 

At  a  high  temperature  lead  sulfide  reacts  with  the  oxide  or 
the  sulfate  to  form  the  metal  and  sulfur  dioxide. 

PbS-|-2PbO->3Pb-<-S02 
PbS-<-PbS04-^2Pb+ 2SO2 

Lead  sulfide  also  reacts  with  iron  at  a  red  heat  to  form  lead  and 

ferrous  sulfide. 

PbS+Fe-^Pb-hFeS 

All  of  the  reactions  here  mentioned  take  place  in  the  smelting 
of  galena. 
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^1     gii.  Lead  Smelting.— In  the  United  States  nearly  all  lead 

^Bsmclting  is  carried  out  in  blast  furnaces.     These  resemble  in 

^Hprinciple  those  used  for  iron  (887)  and  copper  (905)  but  are  of 

^■smaller  size.     The  charge  usually  consists  of  lead  ore  and  coal 

or  coke.     The  lead  ore,  which  may  have  an  average  lead  content 

of  30  per  cent,  is  in  part  roasted  to  remove  a  large  part  of 

the  sulfur.     In  the  furnace  the  charge  melts  down,  giving  in 

addition  to  gases  and  vapors  three  products  which  are  liquid  at 

a  red  heat:  lead,  slag  and  matte.     The  lead  is  set  free  by  the 

reactions  above  given.     The  slag  is  formed  from  the  silica  gangue 

of   the  lead  ore  and   the  added  limestone  and    iron  ore.     It 

consists  largely  of  silicates  of  calcium  and  iron.    The  matte 

1(903).  which  consists  principally  of  ferrous  sulfide,  contains 
fai  form  of  sulfide  nearly  the  whole  of  the  copper  content  of  the 
ore.  The  slag  and  matte  are  tapped  out  together  in  ladles. 
The  matte,  being  heavier,  settles  to  the  bottom  and  is  easily 
separated  from  the  slag  when  the  two  have  solidified.  The 
copper  content  of  the  matte  is  recovered  as  described  earlier 
(904).  The  lead  which  accumulates  in  a  well  at  the  bottom 
of  the  blast  furnace  is  drawn  off  through  a  siphon  and  cast  into 

I  pigs,  usually  called  base  bullion. 
gi2.  The  Refining  of  Lead.^The  chief  impurities  of  the 
base  bullion  (crudf  lead)  smelted  from  western  United  States 
ores  are  antimony,  arsenic,  copper,  bismuth,  silver  and  gold. 
Since  the  first  three  of  these  impurities  render  the  lead  hard, 
the  process  by  which  they  are  eliminated  is  termed  softening. 

»The  bullion  is  melted  in  a  reverbcratory  furnace  in  an  oxidizing 
atmosphere.  Part  of  the  antimony  and  arsenic  arc  volatilized 
And  the  remainder  together  with  the  copper  pass  into  the 
oxidized  dross  that  is  skimmed  off.  The  further  purification 
(rf  the  lead,  which  also  accomplishes  the  recovery  of  the  silver 
and  gold,  is  usually  carried  out  in  cither  of  two  waj-s.  The 
first  and  older  of  these  is  the  Parkes  process  in  which  a  small 
amount  of  zinc  is  added  to  the  molten  lead,  and  the  mixture 
well  stirred.  Upon  being  allowed  to  stand,  the  zinc,  which  has 
dissolved  most  of  Uie  silver  and  gold,  rises  to  the  surface  and  is 
^^^dtiramed  off.     This  process  is  in  principle  precisely  like  tliat 
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by  which  ether  shaken  with  a  water  solution  of  bromine  removes 
most  of  the  latter  and  then  separates  as  a  layer  floating  on  the 
denser  water.  The  lead  which  has  thus  been  freed  from  silver 
and  gold  is  again  heated  in  a  reverberatory  furnace  to  remove 
the  zinc  and  small  amounts  of  other  metallic  impurities  that 
may  still  be  present    It  is  then  cast  into  pigs. 

The  Betts  process  for  refining  lead  consists  in  the  electrolysis 
of  a  solution  of  lead  fluosilicate,  PbSiFe  (272),  using  heavy 
anodes  of  crude  lead  and  starting  with  very  thin  cathodes  of 
pure  lead.  The  process  resembles  in  a  general  way  the  electro- 
lytic refining  of  copper.  In  this  case  the  impurities  fall  to  the 
bottom  of  the  vessel  as  an  insoluble  mud,  while  very  pure 
lead  deposits  on  the  cathode.  Silver,  gold  and  bismuth  are 
recovered  from  the  mud. 

Lead  from  the  Missouri  district  does  not  contain  enough 
silver  (or  gold)  to  make  its  recovery  profitable. 

913.  Uses  of  Lead. — With  the  exception  of  iron,  lead  is  the 
cheapest  metal.  Its  normal,  pre-war  price  was  about  43^^  cents 
per  pound.  As  metal,  alloys  and  compounds,  it  serv'^es  a  great 
variety  of  useful  purposes.  Lead  lined  tanks  are  extensively 
used  in  chemical  works  for  sulfuric  acid  solutions.  Chambers 
built  of  sheet  lead  are  used  in  making  this  acid  (616).  Shot 
and  bullets  are  made  of  lead.  Solder,  which  consists  of  lead 
and  tin,  melts  at  a  lower  temperature  than  either  of  the  separate 
metals.  Type  metal  (811)  contains  a  large  percentage  of  lead. 
Fusible  alloys  (812)  also  usually  contain  lead.  Two  of  the 
most  important  uses  of  lead  are  found  in  the  manufacture  of 
"white  lead"  (basic  lead  carbonate)  which  is  extensively  used 
in  making  paint,  and  in  the  construction  of  so-called  storage 
batteries. 

914.  The  Storage  Battery. — A  storage  cell  has  electrodes  of 
lead  immersed  in  20  per  cent  sulfuric  acid.  When  the  cell  is 
charged,  one  of  the  electrodes  is  coated  with  a  layer  of  lead 
dioxide,  Pb02  (167,  326),  the  other  with  a  deposit  of  metallic 
lead  in  spongy  form.  Upon  closing  the  circuit  a  current 
passes  through  the  connecting  wire  in  a  direction  indicating 
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a  flow  of  electrons  from  the  lead  covered  plate  to  that  holding 
the  lead  dioxide  (471-2). 

At  the  same  time  the  following  reaction  takes  place  in  the  cell: 

Pb02+2H2S04+Pb->2PbS04+2H20. 

This  cell  may  most  simply  be  considered  an  oxidation-reduction 
cell,  in  which  the  lead  dioxide  is  the  oxidizing  agent,  and  the 
sp)ongy  lead  the  reducing  agent  (502-4).  Each  atom  of  the 
spongy  lead  passing  into  solution  as  a  Pb"*"  "^  ion  leaves  behind  on 
the  electrode  two  electrons.  Each  molecule  of  lead  dioxide  tends 
to  yield  Pb "*'"*'"*'"*'  and  20~~.  But  the  tetravalent  lead  ion 
being  a  powerful  oxidizing  agent  easily  takes  up  from  its  sup- 
p)orting  electrode  two  electrons  and  is  thereby  reduced  to  Pb "*"*". 
The  excess  of  electrons  set  free  at  the  spongy  lead  (negative) 
electrode  flows  through  the  wire  to  the  lead  dioxide  (positive) 
electrode  where  there  is  a  deficiency  of  electrons,  thus  consti- 
tuting the  current  produced  by  the  cell.  The  Pb"^  "^  ions  formed 
unite  almost  completely  with  SO4""  ions  of  the  acid  to  form 
nearly  in3oluble  lead  sulfate  which  deposits  on  the  two  elec- 
trodes. The  O"  "  ions  of  the  Pb02  unite  practically  completely 
with  H"*"  ions  of  the  acid  to  form  water. 

The  storage  cell  is  so  called  because  it  is  readily  recharged 
by  passing  a  current  (from  a  power  circuit)  through  it  in  reverse 
direction  to  the  normal.  In  the  charging  process  the  changes 
described  all  take  place  in  the  reverse  sense.  The  extent  to 
which  a  cell  is  charged  is  indicated  by  the  density  of  the  sulfuric 
acid;  since  when  the  charge  is  complete,  that  is,  when  all  lead 
sulfate  has  been  changed  to  metallic  lead,  lead  dioxide  and 
sulfuric  acid,  the  density  of  the  solution  is  at  a  maximum. 
On  th'^  other  hand  when  the  active  materials  are  completely 
changed  to  insoluble  lead  sulfate  and  water,  the  cell  is  discharged 
and  the  density  of  the  liquid  is  at  a  minimum. 

The  batteries  of  electric  cars  and  the  starting  batteries  of 
gasoline  cars  are  in  general  lead  storage  cells.  Such  batteries 
deteriorate  if  they  remain  uncharj^cd  for  a  lon^  time,  owin^  to 
the  fact  that  the  lead  sulfate  hardcas  in  a  conipuct  mass  which 
is  not  easily  acted  upon  by  the  current .     1 1  in  t  herefore  ad vinablc 
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to  make  occasional  meastirements  of  the  density  of  the  battery 
fluid  (by  means  of  a  hydrometer)  to  ascertain  when  the  battery 
needs  rechargmg. 

It  may  be  well  to  point  out  here  that  a  storage  cell  does  not 
store  electricity.  It  stores  chemical  energy.  The  formation 
of  two  formula  weights  of  lead  sulfate,  as  shown  by  the  fore- 
going equation,  liberates  87,000  calories  (see  Chap.  XVI)  if 
the  reaction  takes  place  directly  (as  in  a  beaker).  In  the  cell 
this  energy  is  changed  into  electrical  energy  (508),  no  appreci- 
able heat  being  produced.  When  the  cell  is  charged,  electrical 
energy  is  changed  into  chemical  energy  (509). 

915.  The  Occurrence  and  Production  of  Zinc. — Zinc  (tech- 
nically called  spelter,  148)  ranks  third  in  point  of  tonnage  and 
value  among  the  metallic  products  of  the  United  States,  being 
preceded  by  iron  and  copper  and  closely  followed  by  lead. 
(881).  The  United  States  production,  which  amounted  to  but 
16,000  tons  per  annum  in  1875,  reached  685,000  tons  in  191 7. 
In  1 91 3,  with  a  production  of  about  half  that  of  191 7,  the 
United  States  made  over  30  per  cent  of  the  world's  output 
of  zinc.     In  1918  the  domestic  proportion  was  much  larger. 

Over  85  per  cent  the  domestic  zinc  ores  came  from  six 
districts;  these  with  their  respective  shares*  of  the  total  output 
were  as  follows:  Joplin  district  (Missouri  and  near-by  parts 
of  Oklahoma,  Kansas  and  Arkansas),  30  per  cent;  Montana, 
20;  Oklahoma-Kansas  district,  15;  Colorado,  8;  Wisconsin, 
8;  Idaho,  5.  The  remainder  came  from  a  number  of  other 
states,  including  New  Jersey,  Utah,  Nevada,  California  and 
Tennessee. 

The  principal  ore  is  sphalerite^  the  sulfide,  ZnS,  popularly 
called  blende  or  black-jack.  Smitbsonite,  the  carbonate, 
ZnCOs;  willemitey  a  silicate,  Zn2Si04;  and  franklinite,  a  com- 
plex ore  containing  oxides  of  zinc,  iron  and  manganese  are  also 
of  some  importance. 

Ore  to  be  commercially  valuable  must  contain  a  large 
percentage  of  zinc.  In  general,  some  process  of  concentration 
(ore  dressing,  900)  is  used  to  bring  the  zinc  content  up  to  the 
required   percentage.    In   many   cases   sphalerite    (blend)    is 
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[associated  with  galena,  PbS,  from  which  it  can  also  be  separateil 
mechanically  (900). 

916.  F*rinciples  of  the  Metallurgy  of  Zinc. — The  first  step 
1  in  the  treatment  of  either  carbonate  or  sulfide  ores  is  the  con- 

rersioa  of  these  compounds  into  oxide.     In  the  case  of  the 
airbonate  this  is  readily  accomplished  by  heating  the  ore, 
■thus  causing  the  elimination  of  carbon  dioxide. 
ZnCO,— ZnO+CO, 
The  sulfide  is  changed  to  oxide  by  heating  it  to  a  red  heat  with 
ree  access  of  air  (roasting,  902). 

jZnS+30,-^iZnO+  2SO; 
This  process  of  oxidation  may  also  go  further  and  yield  zinc 
sulfate  as  the  result  of  the  catalytic  oxidation  of  sulfur  dioxide 
trt  trioxide  (615)  and  the  union  of  the  latter  with  zinc  oxide. 
The  roasting  of  blende  is  carried  out  somewhat  like  that  of 
sulfide  ores  of  copper  (902).  Or  by  a  newer  process,  the  oxida- 
tion may  be  made  more  rapid  by  use  of  an  air  blast  so  that  a 
higher  temperature  is  reached  and  the  product  is  partly  fused 
so  that  the  small  particles  are  bound  together  in  larger  porous 
mps,  a  process  called  sintering.  Roasting  reduces  the  sulfur 
iontent  of  the  ore  or  concentrate  from  20  per  cent  or  more  to 
I  per  cent. 

Zinc  oxide   is   readily  reduced  to  metal  by  the  action  of 
irbon  at  a  high  temperature. 

ZnO  +  C  -*  Zn  +  CO  (3*9). 

Since  the  boiling  point  of  zinc,  918°,  is  not  far  from  the  tem- 
perature at  which  this  reaction  takes  place,  the  zinc  is  volatilized 
t  the  same  time  and  thus  freed  almost  completely  from  im- 
rities.     The  vapors  upon  cooling  deposit  metallic  zinc. 

917.  Details  of  the  Smelting  Process. — The  calcined  car- 
lonate  or  roasted  sulfide  ore  is  mixed  with  powdered  coal  and 

:ed  in  specially  constructed  fire  clay  retorts.     The  latter  are 
fc  or  5  feet  in  length  and  8  or  10  inches  in  diameter,  and  have 
t  opening  at  one  end   through  which  the  gaseous  prtKlucts 
The  retorts  are  set  in  a  specially  constructed  furoBce* 
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Fig.  138,  in  several  superimposed  tiers.  Each  retort  is  fitted 
with  an  attached  cylindrical  pipe  which  extends  beyond  the 
furnace  and  in  which  the  zinc  vapors  cool  sufficiently  to  con- 
dense. During  the  reaction  in  the  retort,  carbon  monoxide 
escapes  and  bums  at  the  outer  end  of  the  condenser.  A  sm&ll 
part  of  the  zinc  separates  in  the  condenser  in  powdered  form, 
known  as  zinc  dust.  This  is  a  mixture  of  metal  and  oxide, 
which  is  usually  added  to  the  next  charge. 

Since  the  charge  of  each  retort  is  only  about  1000  pounds  of 
ore,  a  zinc  smelting  works  requires  several  thousand  retorts. 
It  would  thus  appear  that  the  art 
of  zinc  smelting  is  in  a  very  back- 
ward state  of  development  in  com- 
parison mth  the  present  methods 
of  smelting  iron,  copper,  and  lead. 
In  fact,  the  method  of  zinc  smelt- 
ing here  described  (the  Belgian 
process)  has  undergone  no  essen- 
tial change  in  many  decades. 

918.  Electrolytic  Zinc — Al- 
though the  retort  distillation  pro- 
cess is  the  one  by  which  the  bulk 
of  the  zinc  is  at  present  produced,  another  process  that  looks 
very  promising  is  coming  into  rather  extensive  use.  In  this 
process  the  zinc  content  of  the  ore  is  brought  into  water  solu- 
tion as  sulfate  and  electrolyzed  in  lead  lined  wooden  vats  with 
graphite  anodes  and  aluminum  cathodes,  on  which  the  pure 
zinc  deposits.  At  the  anode  oxygen  is  set  free  and  the  cor- 
responding amount  of  hydrogen  from  the  decomposed  water 
yields  with  the  SO* —  ions  of  the  solution  sulfuric  add.  After 
this  zinc  has  been  removed  from  the  solution,  the  latter  is 
used  to  prepare  a  fresh  zinc  sulfate  solution. 

The  conversion  of  the  zinc  content  of  the  ore  into  sulfate  is 
carried  out  in  two  ways.  By  one  process  the  ore  is  smelted  in  a 
large  reverberatory  furnace  at  a  high  temperature  and  with  an 
oxidizing  atmosphere.  The  zinc  is  reduced  to  metal;  the 
latter  escE^>es  as  vapor  which  bums  at  once  to  zinc  oxide  (148)  ■ 
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The  furnace  gases,  carrying  a  dense  cloud  of  oxide,  are  cooled 
and  passed  through  numerous  large  bag  filters  in  which  the 
white  solid  oxide  is  collected.  This  oxide  is  then  dissolved 
in  dilute  sulfuric  acid  (spent  electrolyte)  to  give  zinc  sulfate 
solution.  The  other  process  consists  in  roasting  the  ore  in  a 
furnace  somewhat  like  that  shown  in  Fig.  127,  in  such  a  way 
as  to  convert  as  much  as  possible  of  the  zinc  sulfide  into  sulfate. 
The  roasted  material  is  then  leached  with  the  dilute  sulfuric 
add  solution  from  the  electrolytic  tanks  and  the  resulting  crude 
zinc  sulfate  solution  purified  and  later  electrolyzed. 

919.  Uses  of  Zinc. — Zinc  is  brittle  at  ordinary  temperatures, 
but  it  becomes  malleable  and  ductile  at  150°  and  maybe  rolled 
into  thin  sheets  or  drawn  into  wire.  Metallic  zinc  does  not 
oxidize  readily  on  exposure  to  air,  on  which  account  it  is  used 
for  containers  of  various  sorts.  Far  more  important  is  the  use 
of  zinc  for  making  galvanized  iron.  This  is  iron  (sheet,  wire, 
pipe,  etc.)  cleaned  with  sulluring  acid  and  coated  with  zinc  by 
dipping  it  in  the  molten  metal.  This  treatment  protects  the 
iron  from  rusting;  since  even  if  the  iron  is  imperfectly  covered, 
the  zinc  has  the  greater  tendency  to  pass  into  the  ionic  state 
(493)  that  is,  to  oxidize  (504).  Brass  (908)  and  other  alloys  of 
zinc  require  for  their  manufacture  immense  quantities  of  zinc. 
As  negative  electrodes  in  electric  batteries  (496)  {e,g,  dry  cells) 
zinc  finds  an  important  use.  In  the  laboratory  and  in  chemical 
works  zinc  is  used  as  a  reducing  agent  and  to  produce  hydrogen. 

Zinc  oxide  and  zinc  sulfide  are  white  solids  insoluble  in  water 
which  are  used  extensively  in  making  white  paints.  Lithopone, 
which  is  also  used  for  the  same  purpose,  is  a  mixture  of  zinc 
Bul&de  and  barium  sulfate  made  by  mixing  solutions  of  barium 
sulfide  and  zinc  sulfate. 

BaS  -t-ZnSO*— BaSO,+ZnS 

■   920.  Aluminum.— Although  aluminum    (174)    is   the  most 

■ibundant  truly  metallic  element,  constituting  over  seven  per 

Cent  of  the  earth's  crust  (F.  W.  Clarke),  it  was  also  the  latest 

metal   to  come  into  extensive  use.     The  reason  for  ilA  tardy 

practical  development  is  found  m  the  fact  that  none  of  the  proc- 
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esses  that  serve  to  reduce  to  the  metallic  state  ores  of  iron, 
copper,  lead,  zmc,  tin,  mercury,  nickel,  silver  or  gold  are  eflfec- 
tive  in  the  case  of  aluminum.  This  metal  was  probably  first 
obtained  by  Wohler  (696)  in  impure  form  in  1827  and  in  a  purer 
form  in   1845,  ^X  heating  aluminum  chloride  with  metallic 

potassium. 

A1C1,+3K->A1+3KC1 

Deville  improved  the  process  by  substituting  for  the  too  easily 
volatile  AlCU  its  double  salt  with  NaCl  and  made  it  much 
cheap)er  by  using  sodium  in  place  of  the  very  expensive  potas- 
sium. It  was  through  the  efforts  of  this  great  French  chemist 
that  aluminum  began  to  be  manufactured  in  1856.  In  the 
year  1859  the  metal  sold  for  90  cents  an  ounce.^  This  high 
price,  which  was  largely  due  to  the  cost  of  the  sodium  required 
for  Deville's  process,  made  this  very  desirable  metal  too  expen- 
sive for  very  extended  use.  It  was  therefore  a  great  advance 
when  in  1886  Castner  invented  a  new  process  for  the  manufac- 
ture of  sodium  by  which  the  latter  could  be  produced  for  25 
cents  per  pound.  Castner's  process  consisted  in  reducing  caus- 
tic soda  at  a  red  heat  with  iron  and  carbon.  By  1889  the 
price  of  aluminum  made  by  use  of  Castner's  cheap  sodium  had 
dropped  to  $4.00  a  pound  ($8.80  a  kilo).  But  only  two  years 
later  aluminum,  made  by  an  entirely  different  process  which 
did  not  require  metallic  sodium,  was  put  on  the  market  in  quan- 
tity at  $1 .00  a  pound.  How  this  came  about  will  be  shown  in 
the  following  section. 

92 1.  The  Electrical  Production  of  Aluminuin. — ^At  the  begin- 
ning of  the  19th  century  none  of  the  metals  of  the  alkalies  or 
the  alkaline  earths  had  been  isolated,  although  the  bases  and 
salts  of  these  elements  were  well  known.  The  preparation  of 
these  new  metals  by  Davy  at  the  Royal  Institution  (London)  in 
1807  was  the  most  important  advance  in  our  science  since  the 
discovery  of  oxygen  and  the  explanation  of  its  r61e  in  chemical 
change,  more  than  thirty  years  earlier.  Davy  made  sodium  by 
passing  an  electric  current  from  a  large  battery  of  galvanic  cells 

^  This  corresponds  to  $14.40  a  pound  or  $31.70  a  kilo.  In  the  year  1913  the 
price  in  the  United  States  was  21  cents  a  pound,  or  46  cents  a  kilo! 
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through  molten  (water  free)  sodium  hydroxide.  Although  dry 
solid  sodium  hydroxide  at  room  temperature  is  a  very  poor 
conductor  of  electricity,  the  fused  base  conducts  readily.  Me- 
tallic so<^lium  collects  at  the  cathode  where  hydrogen  is  also  set 
free,  while  oxygen  comes  off  at  the  anode.  In  a  similar  way 
potassium  is  obtained  from  Its  hydroxide.  In  the  following 
year  Davy  tried  to  make  aluminum  by  electrolysis,  but  was  not 
successful.  In  the  course  of  the  succeeding  three-quarters  of 
a  century  other  chemists  at  times  considered  the  possibility  of 
making  aluminum  by  electrolysis;  but  this  method  was  not 
practical  because  the  electric  generator  (dynamo)  was  not  yet 
developed  and  all  electric  power  was  obtained  at  great  cost  from 
batteries,  which  derived  their  energy  from  metallic  zinc. 

The  era  of  electro-chemistrj'  began  about  1880  with  the  de- 
Lvclopmcnt  of  the  power-driven  dynamo  to   the  stage  where 
^■^ctric  power  was  readily  produced  at  moderate  cost.    The 
^p^t  even  partially  successful  electrical  method  for  aluminum 
^Was  that  invented  in  1884  by  the  Cowles  brothers  of  Cleve- 
land.   In  this  process  a  powerful  electric  current  was  passed 
II     through  a   mixture  of  aluminum   oxide   and   charcoal   in  the 
Bprcsence  of  metallic  copper.     At  the  extremely  high  temperature 
^BHToduced  in  the  Cowles  electric  furnace  the  aluminum  oxide 
^^tras  reduced  by  the  charcoal  and  was  dissolved  by  the  molten 
li     copper  and  so  protected  from  further  change.    The  product  was 
aluminum  bronze,  an  alloy  with  copper  containing  15  to  20 
per  cent  of  aluminum.     This  was  not  an  electrolytic  process 
sittce  it  worked  equally  well  with  an  alternating  current.    The 
first  real  electrolytic  jirocess  for  aluminum  was  developed  by 
^^all  of  Oberlin,  Ohio,  in  1S86. 

^K  At  nearly  the  same  time  a  process  practically  identical  with 
^fball's  was  patented  by  II6rault  in  France.  This  process,  which 
^^aince  its  irvention  has  displaced  all  others  for  the  manufacture 
of  aluminum,  is  commonly  known  as  the  Hall-Herault  process, 
I'  to  the  description  of  which  wc  may  now  turn. 
'^k  922.  The  Hall-Hfirault  Process.— In  order  to  make  clear 
^Khe  principles  .>{  On'  Hait-Hcrault  process,  a  few  lints  must  be 
^Hevotcd  to  the  matter  of  the  electrical  behavior  of  fused  sttlts. 
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Although  dry  solid  salts  are  very  poor  electrical  conductors 
(384)  they  usually  conduct  even  better  than  most  water  solu- 
tions when  they  are  in  the  fused  molten  state.  It  seems 
reasonable  to  suppose  that  fused  salts  are  highly  ionized  (411) 
and  that  their  electrical  conductivity  is  to  be  explained  by  the 
migration  of  charged  ions  just  as  in  the  case  of  solutions.  It 
is  now  well  known  that  many  metals  (e.g.,  sodium,  potassium, 
magnesium,  calcium,  barium,  etc.)  can  be  obtained  in  metallic 
form  by  the  electrolysis  of  certain  of  their  fused  salts,  especially 
their  chlorides. 

Hall  found  that  the  electrolysis  of  the  fused  double  fluoride 
of  sodiiun  and  aluminum,  3NaF-AlFj,  which  is  foimd  in  Green- 
land as  the  mineral  cryolitei  gave  melted  metallic  aluminum. 
He  also  found  that  if  he  added  to  the  molten  cryolite  (M.P. 
1000°)  aluminum  oxide,  AI2O3  (174),  that  the  latter  dissolved 
abundantly,  giving  a  more  fusible  mixture  When  this  was 
electrolyzed  with  a  carbon  rod  anode  it  gave  aluminum  as 
before,  and,  at  the  anode,  set  free  oxygen  which  united  with  the 
carbon  to  form  carbon  dioxide.  In  this  case  since  the  oxide  of 
aluminum,  instead  of  the  cryolite,  is  decomposed,  it  is  only 
necessary  to  add  the  former  from  time  to  time  and  to  draw  off 
the  melted  metal  to  make  the  process  a  continuous  one. 

Hairs  apparatus  consists  of  a  large  iron  vessel  lined  with  a 
hard,  compact  form  of  carbon  which  serves  as  the  cathode  and 
within  which  the  molten  electrolyte  is  contained.  The  anode  is 
a  stout  rod  of  carbon  which  dips  into  the  electrolyte.  The 
strength  of  current  depends  on  the  size  of  the  cell,  specifically 
on  the  area  of  anode  surface  exposed  to  the  electrolyte.  The 
electrolysis  takes  place  at  900°  to  1000°;  the  electrolyte  is 
maintained  at  this  high  temperature  by  the  current  alone, 
without  being  heated  externally. 

923.  The  Occurrence  and  Preparation  of  Materials  for  the 
Hall  Process. — The  cryolite  needed  is  obtained  either  from  the 
natural  deposits  of  this  mineral  in  Greenland  or  it  may  be  made 
artificially  from  aluminum  hydroxide,  soda  and  hydrofluoric 
acid  (269).  Although  aluminum  minerals  are  both  numerous 
and  abundant  everywhere,  it  has  been  found  that  only  one 
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mineral,  banxite,  can  be  used  as  a  technical  source  of  the  metal. 
Baiudte  (nrst  found  at  Beaux  in  France)  is  a  hydrated  oxide  erf 
aluminum,  Al20s*2H20.  It  is  rarely  found  pure  and  contains 
usually  oxides  (rf  iron,  silica,  day,  sand,  etc  About  80  per 
cent  of  the  domestic  supply  of  bauxite  comes  from  Arkansas, 
the  remainder  coming  from  Georgia,  Alabama  and  Tennessee. 
To  prepare  the  alumina  needed  for  the  Hall  process,  bauxite 
IS  digested  with  concentrated  caustic  soda  to  dissolve  the 
aluminum  as  sodiimi  aluminate  ^177).  The  latter  gives  by 
hydrol^'sis  (436)  aluminum  hydroxide,  which  in  turn  gives  the 
oxide  when  heated. 

924.  The  Production  of  Aliiniinnnu — Since  the  invention  of 
the  Hall-Herault  process,  the  manufacture  of  aluminum  has 
increased  prodigiously.  In  191 8  the  world's  prrxiuction  was 
neaxiy  500  million  pounds,  of  which  the  United  Slates  made 
about  45  per  cent.  Only  four  metals,  iron,  copper,  zinc  and 
lead  are  made  in  larger  amounts  than  aluminum. 

925.  The  Uses  of  AliiminmiL — ^Two  hundred  mfllion  pounds 
of  aluminum  were  used  by  the  allies  in  aeroplane  manufacture 
in  1 91 8.  0\*er  one-third  <rf  the  material  of  the  Lrt>erty  xDotor 
is  aluminum.  The  automobile  industr\'  uses  a  large  quantity 
in  the  form  of  castings  and  in  sheets  for  chassis  azvi  paneiing. 
Aluminum,  used  for  castings,  is  usuaLy  allcA'td  with  copper 
or  zinc  to  improve  its  workabDitj .  etc.  since  the  yzit  Eaeial 
fhrinks  badly  in  the  mold  and  sticks  to  the  citting  vyJ.  wLes 
it  is  machined-  ••Duralumin" — aluminurz  ?"m^  o-'pc^tr  with 
traces  of  Eianganese  and  magnesiiiri — has  ijttii  njch  used 
for  rc£€3d  and  i-i'Tgtd  pans.  Another  big  supp-y  :•:  i^-jn^rom 
e  neaeded  Vjt  c/jt^Iiiz  u  jcHtZIs  o:  varic>iis  kiiids.  li  is  iz-itresiiag 
to  TMMJt  tiai  tL:*uzh  'Jiis  ntiil  is  nore  ajstiy  liaz.  --K'cr  if 

c  bv  wtizbi.  ;:  is  Irss  c--*Jv  if  r^eas-irtc  bv  v.c^zsrf:. 


mav  wt£  be  subsut-te^i  ::«r  ccctrr.     a' — -r^—  is  c:« 
exteiksjvt  u>t  :>r  tltciriCiZ  iriiirniisj>r:  wire  aac  ais*^  -'-*^  *'-* 

c  AfTzTii  £.?  i.  '..-CC'tr  wfrt  is 
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We  have  already  spoken  of  the  thermite  reaction  of  Gold- 
schmidt  (330)  in  which  iron  oxide  is  reduced  by  aliiminum  at 
high  temperature  and  free  iron  and  aluminum  oxide  form.  By 
this  method  small  quantities  of  pure  iron  are  made  for  heavy 
iron  and  steel  repair  work.  The  molten  metal  formed  is  used 
to  weld  broken  parts  together.  Ihe  thermite  reaction  is  also 
employed  to  prepare  chromium,  manganese  and  vanadium 
respectively  from  their  oxides  and  also  for  the  manufacture  of 
many  ferro-alloys. 

Much  aluminum  is  also  used  in  the  steel  industry  to  prevent 
blow  holes  in  castings.  Aluminum  powder,  mixed  with  oil,  is 
used  as  a  silvery  paint. 

926.  Gold  and  Silver. — The  most  important  processes  for  the 
recovery  of  gold  from  ores  that  have  little  or  no  value  on 
account  of  other  metals  present  have  already  been  briefly 
described  (819).  The  amalgamation  process  for  gold  is  also 
suitable  for  silver  if  the  latter  is  present  in  the  free  state.  Ores 
in  which  the  silver  is  present  as  sulfide,  arsenide,  or  a  more  com- 
plex form  are  given  preliminary  treatments  of  various  sorts  be- 
fore amalgamation.  In  the  cyanide  process  for  gold,  if  silver 
is  present  it  accompanies  the  gold  to  a  greater  or  less  extent  by 
reason  of  its  ability  to  undergo  similar  reactions.  This  process, 
however,  is  primarily  one  for  the  recovery  of  gold. 

Silver  (but  not  gold)  is  recovered  from  ores  containing  no 
other  valuable  metals  by  a  process  based  on  the  conversion  of 
the  silver  present  into  chloride  by  roasting  the  ore  with  common 
salt  and  then  extracting  (leaching)  the  material  with  a  solution 

of  sodium  thiosulfate  (626).    The  silver  dissolves  as  soluble 

* 

salt  of  a  complex  ion  and  is  recovered  by  precipitation  with 
sodium  sulfide  which  throws  down  extremely  insoluble,  black 
silver  sulfide,  Ag2S.  From  the  latter,  metallic  silver  is  easily 
made. 

Many  ores  of  gold  or  silver  or  both  also  contain  lead,  copper 
or  zinc  in  valuable  amounts.  Such  ores  are  smelted  in  the 
ways  already  described  in  this  chapter.  In  smelting  processes 
the  gold  and  silver  are  almost  completely  concentrated  in  the 
base  metals.     It  is  frequently  advantageous  to  smelt  gold  or 
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silver  ores,  free  from  copper  or  lead,  along  with  ores  of  these 
base  metals,  especially  if  the  former  ores  contain  iron  which  is 
needed  to  make  a  suitable  slag.  About  75  per  cent  of  the  silver 
produced  in  the  United  States  is  obtained  from  the  refining  of 
copper,  lead  and  zinc. 

Since  neither  gold  nor  silver  is  oxidized  at  high  tempera- 
tures, the  refinery  residues  are  strongly  heated  under  oxidizing 
conditions  until  other  metals  have  been  converted  into  oxides 
and  thus  eliminated.  The  metallic  product,  which  contains  as 
a  rule  a  large  excess  of  sUver,  is  called  dorfi  silver.  The  alloy 
of  the  two  metals  is  usually  treated  with  hot  sulfuric  acid  which 
converts  the  silver  into  sulfate  and  leaves  the  gold  unchanged. 
The  silver  sulfate  is  dissolved  in  water  and  reduced  to  metal  by 
the  action  of  copper  or  by  electrolysis.  The  gold  residue  is 
melted  and  cast  into  bars. 

The  uses  of  silver  and  gold  are  so  well  known  that  no  com- 
ment on  this  topic  is  necessary. 
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Sij;  properlies,  Soi 

heat  of  combustion,  357;  and  hydro- 

Bo;le>i Uw.  4;  explanaUon  of,  i3S 

gen,  63  i ;  place  in  Periodic  Table,  8»6, 

Bragg,  W.  H..  879 

834;    properties   of,   630,   631;    u 

Bragg.  W.  L.,  879 

reducing  agent,  328;    valence,  648; 

Brandt.  577 

weight  m  one  liter  of  gaseous  com- 
pounds, 60;  bisulfld*  (or  disulfide). 

Braas.  M.'l,Qo8,Qig 

Breakfast,  example,  688 

546  and  631;  dioxide,  19,  30.  633; 

Bradig,  744 

adsorption  by  charcoal,   728;  from 

Brin'a  proceas.  for  oxygen,  310 

Britannia  matal,  811 

of,  391  constancy  of  concentration  in 

British  Thermal  Unit,  35S 

air,  j66;  critical  temperatureof,  775; 

Bromic  acid,  8>2 

and  limewaler,  151;  solid,  as  it  refri- 

Bromidei:  action  of  chlorine  on,  jjo; 

gerant.  633,  775;  and  water,  equilib- 

in«.luble,  »S7 

Bromina:    liquid,  353;    occurrence  of, 

631. 66s; critical  temperatureof,  775; 

254;  inPeriodicTable,837;   prepara- 

heat of  combustion,  35  7;  liquefaction 

tion  and  propertire.  13s.  '5^',    us« 

of,  777;   reducing  agent,  339;    o«j- 

of,  160;  water,  255 

chloride,  695;   tetrachloride,  644 

Broiue,  809 

Carbonates  and  adds,  163 

Carbonic  acid,  132;  ftctioti  withcaldum 

liquids,  705;  of  smoke  particles,  703 

chloride,   449;    equilibrium,   carbon 

Brownlee  apparatus,  44 

B.T.D.,  358 

of,  404;  and  sodium  hydroxide,  161 

BuUion,base,(|i] 

Carbonindom,  631 

Camotite.  874 

Burnini  of  subsunces,  to-io 

Caro'B  add.  6]3 

BuToa:  from  nitric  acid.  104;  by  steam. 

Castoer's  sodium  process,  gitj 
Catalysis  by  metals  and  adsorption,  731 

iir;  from  sulfuric  add,  93 

Bnlyric  add,  6S0 

Catalytic  agent,  or  catalyzer,  239;   for 

Botyrin,  680 

ammonia  reaction,  322;   for  decom- 

position of  hydrogen  peroxide,  330; 

Cadmium.  832 

mangaaese  dioxide  in  prcpararion  of 

Caeainm,  823;  most  active  metal,  84:; 

oxygen,   306;    manufacture  of  sul- 

in  Periodic  Table,  831 

f-'--'""    ISO*  83>i    flame-  784;    spec- 

Cathion,  389.  390 

^^■tpim   of,    7861     blcarbonatg,    tjb; 

Cathodo,  2QS,  38<);  raja,  475.  478 

Caustic  soda,  nl>30rbt  carbon  dioxide. 

^■bwdved  I^  bydrocUoric  acid,  4J6, 

^Hfii;  pndlriUtioil  of,  44^1   cUorlda. 
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CeUi,  galvanic,  496 

Celluloid,  694 

Cellulose,  684;  products,  694 

Cementation  process,  894 

Cementite,  897 

Cerium,  820,  834 

Cerium  oxide,  use  of,  in  gas  mantle? ,  301 

Chalcopyrite,  899 

Chamber  add,  616 

Chamber  proceu,  616 

Chaptal,  572 

Charcoal:  adsorption  by,  728,  732; 
burning  of,  18 

Charge  on  a  suspension,  test  for,  749 

Chariet't  Law,  5 

Chemical  actiyity  of  elements,  order  of, 
in  Periodic  Table,  842 

Chemical  reactions,  rate  of,  275-78 

Chile  ealtpeter,  104;  iodine  from,  261 

Chlorates,  preparation  of,  353 

Chloric  add,  354;  and  lead  sulfide,  354 

Chlorides,  insoluble,  252 

Chlorination  process  for  gold,  819 

Chlorine:  and  aluminum,  174;  and 
bromides,  259;  critical  temperature, 
775 ;  discovery  of,  234;  from  elec- 
trolysis of  hydrochloric  acid,  43; 
electrolytic  preparation,  237,  238; 
and  ferrous  chloride,  1 73;  and  hydro- 
gen, 44,  243;  liquefaction  of,  242; 
and  mercury,  179;  and  methane,  644; 
minimum  weight,  63;  occurrence, 
233;  oxidation  products  of,  352;  an 
oxidizing  agent,  332;  in  the  Periodic 
Table,  827;  and  phosphorus,  247; 
physical  property  of,  241;  poisonous 
gas,  236;  ^  preparation  from  hydro- 
chloric acid,  235,  239;  and  sodium, 
theory  of  union  of,  485;  and  tur- 
pentine, 248;  union  with  metals,  246; 
and  uses  of,  249;  and  water,  at 
ordinary  temperatures,  245;  at  high 
temperatures,  240;  dioxide,  354; 
monoxide,  352 

Chloroform,  644 

Chlorophyl,  691 

Chloropicrin,  695 

Chromates,  345;  as  oxidizing  agents, 
346 

Chromium:  and  its  compounds,  344; 
place  in  the  Periodic  Table,  836; 
preparation  of,  925;  hydroxide,  pre- 
cipitation of,  452 

Cinnamic  aldehyde,  697 

Cinnamon,  oil  of,  697 

Citric  add,  665 

Clark,  P.  W.,  884, 920 

Claude,  770 


CUy,  177,  804 

CleTeite,  helium  from,  794,  867 

Clouds,  768-71*  functions  of  gaseous 
ions  in  their  formation,  771 

Clorer,  assimilation  of  nitrogen,  515 

CloTes,  oil  of,  697 

Coal,  distillation  of,  634 

Coal  tar,  667 

Cobalt:  and  its  compounds,  816,  817; 
place  in  Periodic  Table,  838 

Coeffident,  in  chemical  equations,  76 

Cohesion,  726 

Coins,  composition  of,  908 

Coke,  630;  as  a  reducing  agent,  328 

Collodion,  694 

Colloids,  735;  adsorption  of  agent 
which  precipitates,  739;  chembtry, 
importance  of,  764;  protecting  agent 
for  suspensions,  745;   test  for  charge 

on,  749 

Columbium,  835 

Combining  Tolumes,  Gay  Lussac's  Law, 
220,  221 

Combustion:  heat  of,  356-58;  in  nitric 
oxide,  546;  spontaneous,  364.  See 
also  Burning  of  substances 

Common  ion  law,  432 

Complex  ions,  538 

Composition,  law  of  definite,  46,  99 

Compound,  31 

Concentration  and  speed  of  reaction, 
280 

Conductivity:  change  during  neutraliza* 
tion,  423;  effect  of  dilution,  406; 
molecular,  407 

Conservation  of  energy:  for  bodily 
processes,  687;  law  of,  371 

Conservation  of  matter,  2 1 

Constant  heat  summation,  law  of,  363 

Constant  of  equilibrium  (example),  283 

Constant  proportion,  law  of,  46,  99 

Contact  process  for  sulfuric  acid,  617 

Cooledge,  814 

Copper,  165;  bead  test  for,  783;  blister, 
907;  burning  of,  32;  electrolytic,  907; 
flame,  784;  from  hydrogen  and  copper 
oxide,  33;  metallurgy,  gooS.;  and 
nitric  acid,  550,  561;  production,  881, 
899;  properties  and  place  in  Periodic 
Table,  831;  refining  of ,  907;  uses  of, 
908;  (see  also  Cupric  and  Cuprous); 
ammonium  ion,  538;  chloride,  165; 
from  chlorine  and  copper,  246; 
hydroxide,  165;  nitrate,  165;  oxide, 
165;  and  acetylene,  equation,  83; 
and  ammonia,  equation,  84;  composi- 
tion of,  32,  38;  and  hydrogen,  33,  82; 
sulfate,  165 
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Cordite,  693 

Com  sirup,  639 

Corrosive  sublimste,  178 

Cotton,  684;  bleachUig  of,  351 ;  soluble, 

694 
Coulomb,  400 
Cowles  brothers,  921 
Cream  of  tartar,  665 
Critical   pressure,    775;    temperature, 

775 

Crookes,  477,  859;  tube,  475 

Cryolite,  267,  923 

Crystals:  melting  of,  205;  theory  of 
structure,  204;  X-ray  and  structure 
of,  879 

Cupric  compounds  (see  also  Copper 
compounds),  333;  bromide,  color 
of,  m  solution,  396;  chloride,  elec- 
trolysis of  solution,  386;  as  catalyst, 
239;  oxide,  325;  potassium  chloride, 
175;  sulfate,  electrolysis  of  solution, 
386;  sulfide,  precipitated  by  hydro- 
gen sulfide,  452 

Cuprous  compounds,  333;  oxide,  325 

Curie,  Mme,  855 

Current,  electrical:  by  chemical  action, 
493~95f  direction  of,  472;  electron 
theory,  469;  how  carried  through  a 
wire,  471;  nature  of,  468;  strength 
of,  400 

CyaaatM,665 

rocoss  for  gold,  819 
665 


Atomic  Hjrpothesis,  208;  Law 
of  Partial  Picasaie,  192 
IHuBcn  cell,  496 

••  «ncMS,  239 

25;  ol  sal  aoda,  26 
Dcgrsa  of  ieaisBtfoa.  408-10 

iofpaphic,  manufacture 
to  <iye  nuiuatry,  699 


lit 


Dicblor  diethyl  sulfide  (mustard  gM)| 

69s 

Dichromates,  345;  oxidising  aircnt«,  ,^4^ 

Dietetics,  688 

Diffusion:  of  gases,  191;  tn  Hqulds» 
704 

Dinner,  example,  688 

Disintegration  hypothesis,  481,  865 

Disperse  systems,  7^5-64)  774 

Displacement:  electronic  interpreta- 
tion of,  ^89;  metallic,  electronic 
interpretation  of,  491;  of  metals  by 
one  another,  490;  of  non-mettli  by 
one  another,  488 

Dissociation:  electrolytic  Un  Totitfm- 
tion);  hydrolytic,  436;  of  volatiHjUKl 
ammonium  salts,  5  29-3  x 

Distillation,  23 

Dithionic  acid,  628 

Double-decomposition,  337,  3H3;  am! 
electrical  conductivity,  3H4;  and  the 
ionic  hypothesis,  413 

Drying  agents,  130 

Dulong  and  Petit,  law  of,  229-30 

Duralumin,  925 

Durion,  539,  804 

Dust:  ^  in  the  air,  768;  counting  of 
particles,  769;  explosions,  365;  func- 
tion of,  in  cloud  formation,  768 

Dynamite,  692;  preparation,  of  726 

Efferresceoee,  163 

Eflkwesceoee,  131 

Egg  wUte,  685 

Ekaboroa,  845 

Ekaluauaitta,  845 

Ekamaaganeae,  845 

Ekasilice>a,  845 

Electrie  ceBa»  oxidation-redaction,  yrn 

Electrie  curreat,  468,  4^;    oocidation 

and  reduction  by  means  of,  {07 
Heetrkity:  frk:tional,474;natur(»of,4^/» 
IXectroclMaiieal  e^iDrniltfats*  law  of.  ^t, 
potential  diffi-r<mce  of,  ¥ff 


rays,  jVSi 
(0i6iHiiiiii  evtby,  7JJ 


7;  of  cupric  chlorirl^ 
solution,  38^;  tA  cuprir  ^ul^te  v>lu- 
tion,  3M;  Faraday'^  laws  of.  300; 
of  hydrochloric  acid.  ^5;  of  «iTv«»f 
nitrate,  ^7;  of  w^ium  '•hlorid^  vil>i. 
tion,  \^^\  tenrif^  ivr!  in  \^\  tiwyry 
of,  308,  487;  of  #at^r,  J7 
lleetrolytea»  389;  mol^r.ular  ^0^f^ 
of.  rao;  prwipitation  of.  Ky/>mmon 
ion,  45,^;  iv>inbl<»,  <»/)nilihrinm  K#- 
t  v«»en,  X4.r;  solution  fA  A^t\^.  v%l»iM^, 

-»->■> 
EleetrMBotSw  force,  40O 
Hectromotlve  seile*  of  metaH,  4«>2, 49«> 
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Electrons,  465,  466;  mass  of,  479; 
proof  of  existence,  467;  vibration, 
cause  of  light,  788 

Element,  31,  35;  meaning  of  term, 
873}  total  number,  800 

Blemtntf,  activity  of,  842 

Emery,  174;  powder  graded  by  time 
of  settling  in  water,  733 

Emulsifying  agents,  755 

Emulsoids,  735,  7SI-57;  general  prop- 
erties, 756;  importance,  757 

Energy:  chemical,  372;  chemical,  con- 
version into  electrical  energy,  508; 
conversion  of,  371;  electrical,  500; 
electrical,  conversion  into  chemical 
energy,  509;  forms  of,  372;  kinetic, 
of  molecules,  198 

Enthodermic  changes,  366 

Enzymes,  683 

Epsom  salts,  144 

Equations,  chemical,  76;  balancing  of, 
86;  balancing  of  oxidation  and  reduc- 
tion, 561;  meaning  of,  77»  8s;  prob- 
lems of,  79,  87;  review  table,  86 

Equilibrium  (general):  chemiod,  274; 
constant  (example),  283;  criterion  of, 
282;  effect  of  changes  of  concentra- 
tion on,  280;  effect  of  pressure  on 
hydrogen  and  nitrogen,  523;  effect 
of  pressure  on  system  in,  287;  effect 
of  removing  one  product  of  the  re- 
action, 289;  between  electrolytes  (see 
Equilibrium  betweeen  electrol3rtes); 
and  heat  production,  367;  hydrogen 
and  nitrogen,  effect  of  temperature 
on,  288,  521;  kinetic  h>i>othesb 
applied  to,  279;  liauid  and  vapor, 
201 ;  between  molecules  and  ions,  405 ; 
physical,  273' 

Equilibrium  between  electrolytes:  and 
gas  evolution,  459;  graphic  repre- 
sentation of,  417,  418  ff.,  444;  be- 
tween soluble  electrolytes,  441;  in 
solution,  413-39 ;  in  solution  and  solid 
substance,  443  ff. 

Equivalent,  electrochemical,  403 

Equivalent  weight,  40^ 

Esters,  657;  of  glycerme,  679 

Ethane,  643 

Ether,  642 

Ethyl  compounds:  acetate,  657;  alco- 
hol, 641;  structural  formula,  649; 
ammonium  iodide,  658;  iodide,  660 

Ethylene,  660;  series,  662;  structural 
formula  of,  661 

Ethylene  chloride,  660 

Evaporation,  theory  of,  199 

Bzothermic  changes,  366 


Explosion,  302 
Explosives,  571,  692,  693 

Fajans'  Law,  872 

Falk,  722 

Families:  of  elements,  822;  A  and  B,  831 

Faraday,  242,  389,  403,  775;  law  of 
electrolysis,  399 

Fat  soluble  A,  689 

Fats,  677;  compo^tion  of,  680 

Fehling's  solution,  683 

Fermentation,  640 

Ferric:  chloride,  and  ammonium  sul- 
focyanate,  280,  415;  and  hydrogen 
sulfide,  503;  and  potassium  iodide, 
503;  preparation,  173;  compounds, 
331;  hydroxide,  173;  colloidal,  741- 
43;  a  gel,  761;  and  hydrochloric 
add,  455;  precipitation  of,  451; 
oxide,  173;  sulfate,  173;  and  sodium 
carbonate,  384 

Ferro-molybdenum,  813 

Ferro-silicon,  804 

Ferro-tungsten,  814 

Ferrous  compounds,  331;  ammonium 
sulfate,  175;  chloride,  173;  hy- 
droxide, 173;  oxide,  173;  sulfate, 
173;  sulfide:  dissolved  by  hydro- 
chloric acid,  456;  precipitation  of, 
452 ;  preparation  and  use,  339, 601 

Fertilizer:  phosphate,  160;  use  of 
ammonium  salts  in,  518 

Films,  photographic,  694 

Filters,  adsorption  by,  763 

Filtration,  23 

Fire  extinguisher,  633,  644 

Firefly,  584 

Flame,  780;  colored,  784;  reactions  in, 
783;  spectra,  786 

Flint,  806 

Flotation  process,  900 

Flour,  bleaching  of,  563 

Fluorides,  269 

Fluorine:  most  active  non-metal,  842; 
in  Periodic  Table,  837;  preparation 
and  properties,  267 

Fluor-spar,  267 

Fluosilicates,  272 

Food,  676 

Fomialdehyde,  652 

Formalin,  652 

Formic  add,  665 

Formula:  calculation  of ,  80, 81 ;  chemi- 
cal, 62;  of  elementary  gases,  75,  218; 
graphic,  323;  in  volatile  substances, 
72 ;  making  of,  67 ;  structural,  of  ethyl 
alcohol,  649  J  structural,  importance 
of,  in  orgamc  chemistry,  651;  struc- 
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tural,o(mfth)'l  ether,  645;  useot,68; 
volatile,  liquids  and  sTilids,  71;  weigh), 
rciatioQ    to   moleculnr   weight,  117; 
weight,  and  symbo!  weight,  74 
Fox  file.  5S4 

Fcasch  pfoceis.  Goj 
Prmonlisfer  linef,  790 

Pr«cziDE-point,  molar  depres-^ion,  yiS 
Frost,  767 
Fruit  ngar.  6S7 

Fuel:    composition  of.  c;iloriii<:   power, 

3iQ:  for  steam  produclion,  j6o 
Fullers  earth,  733 

Gallium,  discovery  of,  £45 

Galvanic  cells,  498 

GalTaniied  iron,  mS 

Gamboie.  Brownian  mo\ement.-s  ol.  705 

Canna  >aj>,  Sai 

Gaa:  CBlorificpoweT,359;  cdlededover 
water,  calculation  of  pressure,  113; 
diffusiot).  igt;  evolution  of,  factors 
eoveminB.46j*  evolution  of. and  ionic 
equilibrium,  45q;  illununating,  6j4; 
iwtural,  645;  pressure,  cause  of,  18S; 
pressure,  lanof  partial,  191;  statistics, 
(g4-97 

Oaa  lawi:  accuracy  of,  315;  applica- 
tion to  dilute  solutions,  715;  prob- 
lems on,  7 

OMet:  the  inert,  ornoble,  825;  ioniza- 
tion of,  770;  liquefaction  of,  773; 
mixing  of,  igo;  slnndnrd  conditions 
ror,  7 

Gasoline,  643 

GeT  LuiMc'a  Law,  5 

Gelatine;  gel,  75S;  a  protecting  agent 
for  colloids,  745 

G»l*,  758-61;  plant  and  animal  tissue, 
relation  10,  759 

German  sUrer,  816,  qoS 

Gamaiiium:    disrovcry  of,  845;   place 
f_ln  Periodic  Table,  S34 
HIim:     adhesion   of   water    I0,    7'''. 
^   arfsotption   of   air  on  surface,   710; 
adsorption   of  water  vapor  on,  730; 
composition.   j;o,    808;   etching   of, 
J71;  optical.  8oj;  quart!.  HoS;  vari- 
ous kinds,  80S 

Glncoae,  6jg;  fennenlation  of.  f^io 

dljeenDa,  070 

^•^'-,    odknaal,  746;   compounds  and 

■y*.  8iq;  extraction  from  ores,  8 1 0, 

toft;  pUce  in  Periodic  Table,  8j  11  pco- 

"tfap,  SSi;  solution  in  aqua  rcgia, 

;  H-orid-ttfoduction  of,  8ig 


Goldscbmldt  process,  jjo,  gis 

Graham,  Thonaa,  735 

Grain  alcohol,  64 1 

Granite,  804 

Grape  sugar.  6jg 

Graphite,  b;o 

GtBTitT  batteries,  407 

Grlnd«tone.  S06 

Groupi;  of  atomii  in  or);anic  chemistry, 

O51;  of  elements.  830-38 
Guncotton,  6g3 
Gunpowder,  316,  571,  572 
Gypsum,  155 

Haemoglobin  and  oxjgen,  314 

Hall-H£tault  process,  921-13 

Raloeens,  2,ti,  81  j 

Hampsoo,  776 

Hsrkins,  754,  849 

Hartshorn,  ;i6 

Beat:  atomic,  130;  of  combustion, 
356-58;  of  formation,  361;  of  ioniza- 
tion,439;  latent,  of  evaporation,  its; 
latent,  fusion  of  ice,  118;  lawofcon- 
stant heatsununation,363;  mevhuni- 
cal  equivalent  of,  36Q;  molecular, 
79>-93;  of  neuttalLsation.  361,  439; 
production  and  equilibrium,  36;; 
production  in  phyucal  and  chemical 
changes,  summary  of,  3A6;  of  reac- 
tion, 361;  of  solution,  117;  of  solu- 
tion, 3S8;  of  solution  and  solubility, 
134,  j88;  theory  of,  iSg 

Heliotrope,  697 

Helium:  and  the  alpha  rays,  795,  8;S; 
balloons,  797;  discovery  of ,  794;  and 
family,  835;  properties  of ,  796 

Hematite,  318,884 

Henry,  Law  dI,  116 

Bess,  Law  ot,  363 

Heialbionic  add,  638 

Hexoses,  68 1 

Hille brand,  794 

Humidltj  of  ail,  766 

Hydrates,  97 

Hydrazine,  531 

Hydiiodic  acid,  165,  j.iu 

Hjdrobromic  aeid:  oxidation  of,  15S; 
preparation  of,  756;  as  reducing 
agent,  34 1 ;  and  silver  nitrate,  357 

Hjdrocarbone,  643;  aromatic,  668; 
isomerism  of,  664 

Hydrochloric  add:  and  aluminum,  174: 
and  aluminum  hydroxide,  175;  and 
caldum  carbonate,  461;  and  caustic 
soda,  4t;  and  copper  oxide,  165; 
electrolysisof,  43, 38s;  and  iron,  1731 


640 


Introduction  to  General  Chemistry 


[References  are  to  sections,  not  ptges] 


and  lead,  167;  and  lead  dioxide,  157; 
and  magnesium,  149;  and  magnesium 
hydroxide,  143,  455;  and  magnesium 
oxide,    145 ;   preparation,    103,  250; 
properties,  2  5 1 , 2  5  2 ;  as  reducing  agent, 
341 ;  and  sodium  acetate  (ionic  theory 
of  action),  424;  and  sodium  hydro- 
gen sulfate,  253,  289;  and  zinc,  149 
Hydrocyanic  add,  665 
Hydrofluoric  add,  269 
Hydrofluosilidc  add,  269,  272 
Hydrogen :  adsorption  by  charcoal,  728; 
critical  temperature,  775;  discovery 
of,  292;   from  electrolysis  of  water, 
27;  flame,  temperature  of,  299;  heat 
of  combustion,  357;  liquid,  779;  in 
nature,  292;  percentage  in  water,  36; 
place  in   electromotive  series,  492, 
499;    place  in  Periodic  Table,  847; 
preparation,  27,  28, 33,  293-95;  prop- 
erties of,  27,  296,  297;  use  of,  29s, 
304;   weight  in  one  liter  of  gaseous 
compounds,  56;  weight  in  22.4  liters 
of  gaseous  compounds,  ^6,  63,  211; 
reactions  of:    burning   m   chlorine, 
244:  and  chlorine,  44;  and  copper 
oxiae,  33,  82;  and  iodine,  chemical 
equilibrium,   281;  and  iodine,  heat 
of   reaction,   367;    and  iron   oxide, 
290;    from  magnesium  and  steam, 
28;  and  nitrogen,   298;  and  nitro- 
gen,   equilibrium,    521,    523;    and 
oxygen,  299-303;  chloride,  44;  com- 
position, 48;  critical  temperature  of, 
775;  physical  properties  of,  251  {see 
Hydrochloric  acid);    preparation  of, 
44;  fluoride,  268;  action  on  quartz, 
^icon,  glass,  270;  iodide:  prepara- 
tion, properties,  264;  sulfide:  ac^ueous, 
as  reducmg  agent,  609;  precipitation 
of  sulfides,  452;  preparation  of,  prop- 
erties, 339,  60^-9;  peroxide,  318-20; 
detection  of  (reaction  with  chromic 
acid),  321;   as  oxidizing  agent,  347; 
as  reducing  agent,  348;  use  of,  320 

Hydrolysis  of  salts,  436 

Hydrosulfuric  aoid,  606 

Hydroxides,  preparation  of  insoluble, 
166 

Hydrozylamine,  531 

Hypo,  625,  627 

Hypochlorites,  350 

Hypochlorous  acid,  349;  from  chlorine 
monoxide,  352 

Hyposulfurous  acid,  628 

Ice:    density  of,  119;    latent  heat  of, 

118;  manufacture  of  artificial,  519 
••Icy-Hot"  bottles,  777 


Ignition  temperature,  302 

Illuminating  gas,  634 

Indestructibility  of  matter,  law  of,  21 

Indicators,  440 

Indigo,  synUiesis  of,  698 

Infusoriid  earth,  732 

Ink:  sympathetic,  817;  India,  750 

Insulator,  473 

Intumescence,  803 

Iodic  add,  822;  and  sulfurous  add,  277 

Iodides,  265;  uses  of,  266 

Iodine,  261H55;  heat  of  reaction  with 
hydrogen,  367;  and  hydrogen,  chemi- 
cal e(]|uilibrium,  281-83;  place  in 
Periodic  Table,  848;  and  starch,  263, 
637;  uses  of,  266 

Ionic  equilibrium,  405,  413  ff.;  and 
gas  evolution,  factors  governing,  463 

Ionic  hypothesis,  411;  criticism  of,  41 2 ; 
value  of,  464 

Ionization:  cause  of,  486;  degree  of, 
conductivity  method,  408-10;  degree 
of,  freezing-point  method,  721,  722; 
degree  of,  graphic  representation, 
417;  of  gases,  770;  heat  of,  439 

Ions:  in  solution:  charges  on,  404;  and 
chemical  reactions,  392 ;  complex,  538; 
color  of,  395;  migration  of,  397; 
nature  of,  483;  positive  and  negative, 
393;  union  of,  394;  gaseous,  771 

Iridium  and  its  compounds,  818,  838 

Iron,  173;  allotropic  forms,  897;  burn- 
ing of,  12,  17,  29,  81;  cast,  883,  889; 
economic  importance,  882;  galvanized, 
148,  919;  and  hydrochloric  add,  173; 
magnetic  oxide  of,  173;  metidlurgy, 
883-98;  ores,  884;  pig,  886-88;  place 
in  Periodic  Table,  838;  preparation 
of,  from  hematite,  328;  production, 
881;  and  steam,  29,  290;  and  sulfuric 
acid  (concentrated),  621;  and  sul- 
furic add  (dilute),  173;  welding,  895, 
925;  wrought,  883,  890 
Iron    compounds    (see    Ferror^    and 

Ferric):  iron  oxide,  173 
Isatine,  698 
Isomerism,  647,  650 
Isomorphism,  810 
Isoprene,  700 
Isotopes,  871,  873 

Joule,  mechanical  ec[uivalent  of  heat, 
370;  unit  of  electrical  energy,  500 

Kelly,  WilUam,  891 
Kerosene,  643 
Ketones,  656 


^^^^^^^^^^^^In^^^^           ^^^64^^H 

^^^HP                   IRelerencea  are  to 

sections,  not  pages]                                         ^H 

Bmtitt^,13i 

drailde.  14;,   143,  t66;  nitrate,  145:         ^H 

Kiaatic  energy,  368;  of  molecules,  iqS 

oxide,  143;   lalfate,  144                               ^^| 

Kinetic  theory,  187;  of  the  liquid  stale, 

Magnetite,  884                                                          ^M 

198,  70« 

Malachite,  analysis  of,  34,  890                         ^H 

KJpp.  apparatus,  3g4 

Malloae,  641,681                                              ^H 

IrJt,S77 

Kiyptoni  798;  ttii'l  ils  family.  8:5 

prcparationof,g25;  dioxide:  catalyst,         ^H 

306.     310;     oxidizinK    i^ent,    316;        ^H 
preparation    of    chlorine,    334;     of       ^^| 

bromine,  158                                                  ^M 

Lutic  add,  66c 

L«tOM.689 

Lake  coppw,  906 

Maple  sugar.  bSa                                             ^H 

Marble.  150                                                      ^M 

Marine  acid,  305                                             ^H 

833.  846 

Harsh          643                                 ^^^H 

I^tMt  hett:  of  evuporaliun,   11;;   ul 

S:o                        ^^^^^M 

fuson,  tiS 

Marteoiiie,  897                               ^^^^^^^H 

LMcMni  gat.  55^ 

Malches.  586                                 ^^^^^^M 

Unricacld.68o 

Matte,  903,  91 1                              ^^^^^^1 

Matter;  chanRe  of  form  with  tempera- 

lead.   167:    metallurgy.   gioR.;   pbre 

ture.  9;    conservation,   law  of.   ii; 

In  Periodic  Tabic,  8j*;   proUuflion, 

electrical  nature  of,  t^i,  880;  form^ 

S81,   909;    smelting,    gio;    uses   of, 

of,  3 

913;     icetate.    167;     chloride,    167; 

Meat.  685 

dl«ld«,  167;    oxidizing  atrent,  316: 

Medicinal!,  manufaclutc  related  to  dye 

inilustry,  699 

Meker  burner,  781 

167;  Mlta.  reaction  w-ilh  sulfates.  38r: 

Membrane,  semipermea hi f,  710 

Mlfate,  167;  mlfide  and  chloric  acid. 

Mendelejeff.  843 

3S4;  "id  hydrogen  peroxide,  347 

h—i  pondls.  6jo 

178;  nitrate,  178;  basic.  564;  oiide. 

LMthei,  arUficial,  694 

7i,  178,  i8i;  red  ash  of  mercury,  30; 

Lagtunea,  asaimilation  of  nitrogen,  jis 

sulfate,  179 

LeralMt,  681 

MercurouB  compounds,  333:   chloride, 

LUht.  ether  wave  hypothesis,  788 

180,  181;    nitrate,  iSo;    oxide,  i8[; 

Ughtnlni.  cause  of ,  773 

iulfate,  iSo 

Una,  slaking  of,  150 

Mercury,  17S;    ash,  decomposition  by 

heat,  14;   and  chlorine,  170:   oxides, 

UBHtoae,  150 

iSi;  and  place  in  Periodic  Table,  833; 

properties,    178-83,   833;   from    red 

dioxide,  18.  isi 

oxide,  .4;  bichloride.  1:8 

■tata.  198;  supercooling  of,  106 

MeUhoric  acid.  803 

Utbarg*.  167 

Metallography.897 

UtUnm,  813;  Qame.  7^4;  spectrum  of. 

Metallurgy.  881  fl. 

7S6 

Hetale,  35;    cathions,  390;    displace- 
ment by  one  another,  490;  oxidation 

Uanp«ui,9'<) 

Utuoa:  reactioD  to  atid;.  89;   rcartiun 

and    reduction    of.    504;     place    in 

to  bases.  881  sensitiveness,  440 

Periodic  Table.  841;  production,  SSi 

LabrieaUag  oUi,  (143 

Lwnlnodly,  cause  of.  in  tkmcs.  7^' 

albumen.  597 

Helaatannlc  acid,  809 

Lya.  161 

MeUtbesli,  3S3 

Lj»d.,  77fi 

Methane:  analysis,  5,;   properties  and 

composition,  54 

Heddar.  6g8 

lUgneda.  milk  of.  141 

chloride,  (,44;   ether.  (.46;  slructural 

Hagne^um:  burning  of,  1 1.  :S,  30.  So; 

in  Periodic  Tabic.  Sj;;  bromide.  155; 

formula  of.  6491   iodide,  ()6o;   naph- 

^^ Chloride,  !«;  flnotmeate.  371;    hj- 

thalene,  669 

I 


pl.r 


H ethylene  chloride,  644 

Meyer,  Lothai,  S44 

Miw.  So; 

Micoderma  aceti,  653 

MicrocoBiniE  sail,  596 

Milk  sugar,  682 

Millikan.  4O7 

Minimum  and   multiple   weightB.   e^- 
nnflaw,  j.i 
weighta,  63,  64,  III 

Hitacherlich,  810 

Mixed  metal,  Sio 

Hoiaian,  367.  630 

Moisture,  in  air,  766 

Molecular  bsati,  7gi-93 

Molecular  hypotbetit,  186,  108 

Molecular  weight,  2171  and  depression 
of  the  freezing-point,  718;  of  elec- 
trolytes in  solution,  720;  and  eleva- 
tion of  the  boiling- point,  71S;  and 
lowering  of  vapor  pressure  of  solu- 
tion, 718;  from  osmotic  prcs';iire, 
data,  71;;  relation loformuk  weight. 


Holecules,  1S4,  iSj; 
colors  of,  in  solution,  336;  kinetic 
enerfiy  of,  tgS;  motion  of,  1871  per- 
ception of,  703;  reality  of,  702; 
soluhilily  of,  44s;  velocity  of,  197; 
velocity  of.  and  temperature,  iSg 

Molybdenite,  813 

Molybdenum;    and   compounds,    S13; 
place  in  Periodic  Table,  816 

Molybdic  acid,  813 

Monalomlc  gaaea,  ratio  of   molecular 
heats  in,  703 

Monaiite,  810 

Mond  process  for  nickel  ores,  St6 

Honel  meul,  gi6 

Hold  ant,  8og 

Morse,  711 

Moseley,  848,  87S 

Moth  balls,  6(J9 

Mather  of  vineEar,  653 

Multiple  weishts,  law  of,  jij 

Muriatic  acid,  250 

Mustard  gas,  6g5 

naphthalene.  669 

Natural  gas,  643 

Nature  of  matter,  8Ro 

Reodymium,  810 

Heon,  798;  and  its  family,  Sjj 

Hantrality,  of  solutions,  433 


Rentratiiation :  acid  and  base,  89,  379! 
change  of  conductivity  during,  4231 
heat    of.    36;.    43q;     ionic    theory 
-   .     ,    .  ^ .  acid  by  am- 

monium hydroxide,  105;    simplifia'" 
equation  of,  422 

ITewlands,  844 

Rewton,  lirst  taw  of  motion,  187 

Itickel:     and    compounds,    816 
place  in  Periodic  Table,  838 

Nickel  ammonium  ion,  538 

Nickel  coin,  S16 

Nickel  steel,  816 

HHson,  845 

niobium,  place  in  Periodic  Table,  835 

Niton,  825  ' 

Nitrates :     properties    of,    564, 
source  of,  5401   test  for,  S49 

Nitric    acid:     from    ait,    567;      and 
aluminum    hydroxide,     175)      from 


S70; 


hydrotide,  105;  anhydride,  555; 
chemical  solvent  for  salts,  560;  and 
copper  oxide,  165;  and  magnesium 
hydroxide,  145;  and  magnesium 
oxide,  145;  and  metals,  558;  from 
nitric  oxide,  569;  and  non-metals, 
559;  oxidation  by,  557;  oxidizing 
agent,  542;  properties  of,  104,  S4ii 
from  sulfuric  acid  and  niter,  104; 
test  for,  S49;  uses  of,  571 

Nitric  odde:  combustion  in,  546; 
conversion  into  nitric  acid.  569; 
critical  temperature,  77s;equilibrium 
with  nitrogen  and  oxygen,  566;  and 
ferrous  sulfate,  548;  from  ' 
sulfate  and  nitric  acid,  547.  , 
tion  of,  S43;  properties  of,  S4S 

Nitrides,  514 

NitrilBB,  5S3 

Nilro  compounds, 

Hitracellulose,  693 

HitroKen:  assimilation  by  plants,  _ 
critical  temperature,  775;  t^de 
nature,  374;  discovery  of,  jij; 
fixation  of  atmospheric,  575;  and 
hydrogen,  398;  and  hydrogen,  equi- 
librium, 520-25;  inert  part  ot  air. 
is:  liquid,  from  liquid  air,  777; 
minimum  weight,  63;  occurrence  of, 
511;  and  oxygen,  544;  and  oxygen, 
equilibrium,  566;  place  in  Periodic 
Table,  833;  preparation  of,  513; 
propfrties  of,  514;  pentozide,  555; 
tetioiide,  54S;  physical  properties 
of,  S5I.  55^;  preparation  of,  530; 
two  forms  of,  532;   ttioiida,  554 
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llitrog;lycerine,    692;     adsorption     in 

infusorial  earth,  726 
Hitrolime,  514 
Hitrophenol,  673 
Hitrotyl  chloride,  562,  563 
Hitrosyl  tulfuric  acid,  616 
Hitro  toluene,  ortho,  meta,  and  para, 

673 

Hitrout  acid,  553;  anhydride,  554 

Hitrout  oxide,  556;  critical  tempera- 
ture, 775 

Honconductor  of  electricity,  473 

Hon-metals,  35;  displacement  by  one 
another,  488;  oxidation  and  reduc- 
tion of,  505;  place  in  Periodic  Table, 
841 

Hormal  solutions,  136-38;  595 

Hoyes,  A.  A.,  722,  737 

Hutrition,  688 

Oil:  animal  and  vegetable,  657;  of 
bitter  almonds,  670,  697;  essential, 
697;  hardening  of,  681;  hydrc^ena- 
tion  of,  681;  mineral,  643;  of  vitriol, 

93 
Oildag,  750 

Oleic  acid,  680 

Olein,  680 

Oleum,  613 

Onyx,  806 

Opal,  804,  806 

Open  hearth  process,  893 

Ore  dressing,  900 

Organic  materials,  sources  of,  701 

Orthoclase,  807 

Orthophosphoxic  acid.    See  Phosphoric 

acid,  ortho 

Osmic  acid,  838 

Osmium,  818,  838;  oxide,  838 

Osmosis,  711;  in  nature,  724 

Osmotic  pressure:   measurement,  711; 

.    of  sugar  solution,  712;  theory  of ,  7 1 3, 

714 
Ostwald,  Wolfgang,  746 

Oxalic  acid,  665 

Oxidation,  325;  change  of  valence,  331, 
332»  334,  336;  intensity  of,  338 

Oxidation  and  reduction,  501-5;  cells, 
502;  electronic  explanation,  501 ;  by 
means  of  electric  current,  507; 
method  of  balancing  equations,  561; 
potentials,  506 

Oxides:  graphic  formula  of,  324;  of 
metallic  elements,  313;  of  non- 
metallic  elements,  313 

Oxyacetylene  torch,  315 

Oxygen:  constancy  of  concentration  in 
air,  766;    critical  temperature,  775; 


discovery,  305;  liquid,  309,  312,  777; 
minimum  weight,  63;  in  nature,  305; 
and  nitrogen,  544;  and  nitrogen, 
equilibrium,  566;  in  Periodic  Table, 
836;  from  plants,  311;  preparation 
of,  306-10;  properties  of,  16, 312, 313; 
uses  of,  315 

Oxone,  307 

Ozone,  316;  as  a  germicide,  317 

Paint:  drying  of,  364;  luminous,  859 

Paintings,  restoration  of,  347 

Palladium,  838 

Palmitic  acid,  678 

Palmitin,  679,  680 

Parafline,  643;  series,  643 

Parkes  process,  912 

Pentathionic  acid,  628 

Perchlorates,  355 

Perchloric  acid,  355 

Perfume,  697 

Period  of  radioactive  substance,  864 

Periodic  law,  843,  844 

Periodic  system,  822-50 

Periodic  Table,  829;  anomalies  of,  848; 
arrangement  of  Harkins',  849;  history 
of,  844 

Permanganates,  343;  color  of,  in  solu- 
tion, 395 

Permonosulfuric  acid,  628 

Peroxides,  322;  graphic  formula  of,  324 

Perrin,  478,  703,  707 

Persulfuric  acid,  628 

Petroleum,  643 

Phenol,  672 

Phenolphthalein,  137,  440 

Phosgene,  695 

Phosphate  rock,  160,  580 

Phosphates:  precipitation  of,  452; 
qualitative  test  for,  597;  and  silver 
nitrate,  171,  597;  use  and  production, 
598 

Phosphine,  588 

Phosphonium  chloride,  588 

Phosphorescence,  584;  caused  by 
X-rays,  852 

Phosphoric  acid,  ortho:  and  albumin, 
507;  failure  to  precipitate  phos- 
phates, 452;  from  hydrolysis  of 
phosphorus  pentachloride,  247;  ioni- 
zation of,  592;  normal  solution  of, 
595;  preparation,  158,  589,  590: 
properties,  159,  590-92,  597;  and 
silver  nitrate,  597;  titration  of,  595. 
See  also  Metaphosphoric  acid;  Pyro- 
phosphoric  acid 

Phosphorous  acid,  588;  from  hydrolysis 
of  phosphorus  trichloride,  247 
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PhoBphorui:  amorphous,  581;  and  bro- 
mine, 256;  and  chlorine,  247;  dis- 
covery of,  577;  effect  on  iron  and 
steel,  S96;  and  iodine,  264;  manu- 
facture of,  580;  place  in  Periodic 
Table,  835;  red,  579,  581;  slowoxida- 
dation  of,  583;  white,  danger  in  use 
o^  585;  white,  physical  properties  of, 
578;  yellow,  578;  compounds,  588; 
pentabromide,  256;  pentachloride, 
247;  pentozide,  247,  588;  sulfide, 
586;  tribromide,  256;  trichloride, 
247;  tri-iodide,  264;  tri-oxide,  588 

Photosynthesis,  69 1 

PhthaUic  acid,  698 

Picric  acid,  673,  693 

Pig  boiling,  890 

Piperonal,  697 

Pitchblende,  874 

Plaster  of  Paris,  155 

Platinum:  adsorption  of  hydrogen  and 
oxygen,  731;  and  aqua  regia,  562; 
and  compounds,  818;  properties  and 
place  in  Periodic  Table,  838 

Polymer,  613 

Potash,  162;  caustic,  106;  monopoly  of 
Germany,  353.  See  also  Potassium 
hydroxide 

Potassium,  106;  action  on  water,  106; 
aluminum  sulfate,  175;  cupric 
chloride,  175;  flame,  784;  place  in 
Periodic  Table,  831,  848;  acid  tel- 
lurate,  815;  antimonyl  tartrate,  811; 
bicarbonate,  162;  bichromate  {see 
Dichromate);  bromide,  255;  use 
of,  260;  carbonate,  162;  chlorate: 
oxidizing  agent,  326;  preparation  of 
oxygen  from,  306;  prep>aration  and 
use,  352;  precipitation  of,  447; 
chromate,346;  dichromate,  346;  and 
hydrogen  peroxide,  321;  and  hydro- 
gen sulfide,  346,  609;  and  sulfurous 
acid,  346;  ferricyanide,  665;  ferro- 
cyanide,  665;  hydrogen  tartrate,  66^; 
hydroxide,  106;  iodide,  and  fernc 
chloride,  electronic  explanation  of, 
503;  nitrite,  from  potassium  nitrate, 
305;  per  chlorate,  355;  preparation 
of  oxygen,  306;  permanganate  and 
ferrous  sulfate,  343;  and  hydrogen 
chloride,  235,  343;  and  hydrogen 
sulfide,  609;  oxidizing  agent,  326, 343; 
preparation  from  potassium  man- 
ganate,  837;  and  sulfurous  acid,  343; 
piatinic  chloride,  818;  tellurite,  815; 
oranyl  sulfate,  rays  from,  852 
ato  starch,  preparation  of,  636 
atial  energy,  368 


Potentials,  oxidation-reduction,  506 

Powder:  black,  571,  572;  smokeless, 
692 

Precipitates,  relative  stability  of  differ- 
ent forms,  762 

Precipitation,  154;  cause  of,  446;  classi- 
fication of,  452;  conditions  favoring, 
454;  of  electrolytes,  442;  by  sub- 
stance having  a  common  ion,  453 

Pressure:  critical,  775;  effect  of,  on 
gases,  4;  effect  on  system  in  equi- 
librium, 287;  partial,  113 

Priestley,  305 

Proof  spirit,  641 

Propane,  58,  643 

Proportions,  law  of  definite,  46 

Protecting  agents  for  colloids,  745 

Protein,  685 

Prout,  hyp>othesis,  851 

Prussic  acid,  665 

Ptyalin,  682 

Pure  substance,  23 

Pyrite,  610 

Pyrophoric  alloy,  820 

Pyrophosphoric  acid,  590 

Pyrosulfates,  624 

Pyroxaline,  694 

Quartz,  sand,  804 
Quartzite,  806 
Quicklime,  150 

Radical,  147;  acid,  377;  acid,  anions, 
391;  basic,  378;  phenyl,  670 

Radioactive  change,  theory  of,  865 

Radioactive  substances:  atomic  weights 
of,  869;  arrangement  of,  in  Periodic 
Table,  873;  valence  of,  872 

Radiothorium,  870 

Radium:  discovery  of,  855-56;  emana- 
tion, 863,  864:  heat  from,  862;  how 
measured  and  sold,  875;  origin  of, 
867;  place  in  Periodic  Table,  845, 
857;  rays  of,  480;  series,  866; 
technical  production,  874;  total 
world-production,  874;  use  in  thera- 
peutics, 876 

Radium  clock,  860 

Rain,  formation  of,  772 

Ramsay,  791,  845 

Raoult,  718,  719 

Rare  earth  elements,  820;  place  in 
Periodic  Table,  846 

Rayleigh,  791 

Rays  of  radium,  480,  858-61.  See  also 
X-rays 

Reaction  velocity,  kinetic  hypothesis 
applied  to,  275-78 


Tndex                                      Hs      ^| 

(Kdcrfnccs 

lire  to 

section..  t.ot  pages]                                          ^M 

Kedadug  agtuU,  intensity  of,  ijS 

Silico-methine.  S05                                           ^H 

Reductioii,  317;  and  change  of  valence. 

Silico-oiaUc  acid.  Kos                                        ^H 

333.  3i*>:   electronic  explnnalio 
joi;  of  mewls,  504;  of  non-ra 

n  of. 

Siticon:     compared    to    carbon    com-          ^^H 

elals. 

(lounds,  805;  and  compounds,  804-8,          ^^H 

50s 

H2;i  place   in   Periodic  Table,  Su;          ^H 

Refractory  fubatance.  joS 

dioxide.  806;    fluoride.    170-,  baza-          ^H 

Beveiberatorj  fiinuce,  690 

SUk.  artificial,  694                                              ^H 

Shodlam.  SjS 

Silver.  16H;   colloidal,  744;   metallurgy          ^^H 

touting,  of  ores,  90),  916 

of.  026;  place  in  Periodic  Table,  S,,.;          ^H 

Bock  cryMal,  806 

production   of,   881;    test   for,    169;          ^^H 

Bock  salt,  14 

aeataie:  precipitation,  45>:  solution         ^^H 

Boaa-a  metal.  811 

533-341     effect    of    acids   on,    536;          ^^H 

Bowlaad,  46S 

Bobber:  a  colloid.  7601  synthetic 

53i;braiiilda,  257^  use,  a6o;  ehloiida,          ^^H 

169;  solubility  in  ammonia  solution,         ^^H 

RQbJdium,  &13 

S.i'-iSi  hydroiido,  171;  nitrate.  168;            ^^ 

Buby.  174 

electrolysis   of   solution,    387;     at)d 

.Hi* 

hydrochloric  and  in  the  presence  of 

Euthertord,  D..  sij 

gelatine.  74<;;  oxide.  171;  pboepbate. 

Butherlord.  E.,  481,  SS5 

171,  j97:MJt».  reaction  with  chloride,            ^^ 
382;  sulfate.  170;   aolfide,  precipita-           ^^H 

Safrale,  6g7 

tion   of,   45>i    Oilotullate,   complex           ^H 

SalicrUc  acid,  697 

626                                                            ^H 

Sal  (Oda.  26 

Slag.  885.888,  903,911                                      ^M 

Salt,  commoa:   coin|K)siti(iii,  45; 

eloc- 

Smlthaonite,  gij                                                 ^^M 

irwlj'sis   of,    ajK^     iTi-pariition 

Smoke  lereena,  587                                           ^^H 

punlicBtion  from  rock  salt,  14 

Soap:  cleansing  action,   7S'-S4;   com-          ^^M 

Salt,  parts  of.  376 

position,  i(ii.6;3                                            ^^M 

Saltpeter,  Chile,  104;  occurrence, 

S40 

Soda.    2');    caustic,  and   hydrochloric          ^H 

Salts:  add,  101;   nctivc  parts  of 

376; 

ncid,  Sg;    caustic,  from  sodium  and           ^^H 

a  class  of  diemical  subalance. 

,  9': 

water,  40;  washing,  26                                   ^^1 

hydrolysis   of,   Ai6;     ionltalio 

.   of. 

Soda  water,  633                                                   ^M 

410;   little  wlublc  of  Etrong 

cids, 

Sodamlde.  527                                               ^H 

not  itissolvcil  by  acid^,  458;  ne 

Jlral, 

soddr,  481,865                                     ^M 

101;  primary,  secondary,  and 

lerli- 

Sodium:  and  chlorine,  theory  of  union          ^^1 

ary,  159 

of,  485;  flame.  7't4;  place  in  Periodic           ^H 

Table,  Sji;   apccirum  of,  786;   and           ^^1 

water,  40;    acetate,   157;    action  of            ^^| 

Saponiflcatian,  079 

water   on,    435".     and    hydrochloric 

acid  (ionic  theory),  424;   alumiitate. 

SasBalrai.  oil  of.  697 

Scaadium,  discovery  of.  84  5 

minum  sulfate,  175;    antimony  flu- 

Scheele, 305 

oride,  Sii;     benzoala,   671;     bicar-              ^_ 

Scurry.  cHg 

bonate,  161;   bromide,  255;   use  of.             ^H 

Seawaedi,  iodine  from,  sfti 

260;   carbonate,  161;   chlorats.  jjj;            ^^M 

.Si6 

chloride,  actioQ  on  sulfuric  acid,  460;             ^M 

Seiiea:    displacement  of  mclnls. 

49=; 

electrolysis   of   solution.   jSs;    pK-              ^| 

of  non-melals,  488 

cipitated  by  hydrochloric  acid,  453; 

Sltdeotopf,  796 

MeawDa-Katttn  pnjcesj,  893 

hydrogen  aalfale,  98,  looi  BClion  of 

aillc.«8c6 

hydrochloric  acid  on.   S89;    hjdro- 

nlflle.    QiS;     hydroxide,    88;     and 

SiUdc  add.  Sot;  "gel,  76' 

acetic  add  (ionic  theory),  434;  and 

BUlco^hlorofonn,  Soj 

ammonium  chloride.  416,  462;   and 

ffillca-«tbao».  805 

hydrochloric  ocU,  411  i  bypocUorile, 

I 
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104;  decomposition  by  heat,  565; 
nitiile,  Jlj;  oleite,  wort  of  Hatkins 
on.  7S4;  pcrchlortte,  555;  peroxide, 
307;  pbosphateB,  iSQ,  S94;  pyiophos- 
phate.  S04;  ailicata,  ^;o,  807;  aUver 
thloaulfate,  6:6;  aUnnite,  8oq;  aul' 
fate,  Q4;  hydrate  of,  g4,  96.  q;; 
Bulfldes,  60T,  tetraborate,  K^^^cai 
properties,  801,  S03;  tetralbionate, 
625;  thloniUate,6i5;  tuagBta(e.S[4; 
ziocate,  177 

Solder,  8og,  013 

Solid  atate,  tneory  of,  203 

Solubility:  curves,  132;  effect  of  crys- 
talline form  on,  133;  effect  of  tem- 
peraturton,  131-34;  gases  in  liquids, 
115;  and  heat  of  solution,  134; 
liquids  in  liquids,  114;  of  molecules, 
445;  of  solids,  121;  two  kinds,  135 

SoIuUoD,  no;  compared  to  gai,  708; 
comparison  with  suspension,  708; 
concentration  of,  iii;  electrolysis 
of.  3**S;  beat  of,  117;  kinetic  theory 
of,  443;  of  little  soluble  electrolytes, 
4SS;  normal,  136-38,  595;  saturated, 
113;  supersaturated,  1 23 ;  van't  Hofl's 
theory,  715 

Soot,  formation  in  flame,  782 

Spark  spec  Ira,  786 

Specific  gravity,  no 

Specific  heat.  Ill;  and  symliol  weight. 


Spectra:   bright-line,  786; 

ygj;    dark-line,  7S9;     of  gases  and 

volatile  substances,  7S7 
SpectroBcope,  785 
Spectroacapic  aaalya 
Spelter,  MS.gis 
Sphalerite,  qi ; 
Spinthariicope,  859 
Spirit,  proof.  641 
Stannic  coinpoundf,  809 
SlannouB  compDundi.  809 
Slannam,  809 
Starch:  glucose  from,  636; 

of,  636;  properties  of,  637,  638;   lest 

for.  637 
Steam.   8|    action  on   iron   (chemical 

equilibnum),   200;    bums   by,    117; 

production,   fuel   for,   360;    use   (or 

beating,  ti6 
Stearic  add,  678 
Stearin,  680 
Steal,  S83fi.;    alloys,   898;    Bessemer, 

8ot;     crucible,    804;     electric,    894; 

high    speed,     S98;      stainless,     898; 

tempering  of,  897 


1.786 


Stibine,  811 

Sloney.  4'i6 

Storage  battery,  914 

Strontium,  832;  flame,  7S4 

Stcutt,  B60 

SubtimatiDn,  179 

SubBcripIs,  chemical.  61 

SubBtance,  22, 13;  properties  of  a,  108 

SugarB,  structure  of,  683 

Sulfate*.  634;  test  for,  164,  380 

Sulfides:  precipitation  of,  608;  pte- 
cipltaliou  by  ammonium  sulfide,  451 

Sulfites,  612 

SulfocyanateB,  665 

Sulfur:  commercial  importance  of,  604; 
consumption  of,  604;  effect  on  iron 
and  Blcel,  8q6;  flowers  of,  603;  heat 
of  combustion,  357;  monocliruc  600; 
place  in  Periodic  Table,  836;  plastic, 
6od;  properties  of,  600, 601;  rhombic, 
600;  rock, '603;  roll,  603;  sources  of, 
601;  dioxide:  critical  lempcratute, 
775;  preparation  and  properties,  6101 
and  water,  equilibrium,  iSb;  mono- 
chloride,  600;  trioxide,  613. 

Sulfaricadd:  and  aluminum  hydroMde, 
17s;  anhydride  of,  613;  and  copper 
oiicle,  165;  dilute,  action  on  iron, 
173;  dilute,  action  on  ma^euuro, 
149;  dilute,  action  on  zinc,  144;  fum- 
ing, 613;  importance  of,  614;  and 
magnesium  hydroxide,  144;  and 
magnesium  oiide,  145;  manufacture 
oF,  615;  neutralization  of,  94;  prtip- 
erties,  93,  630-13;  ""'^  sodium 
chloride  (ionic  theory),  460 
Sulfnroui  add,  340,  611;  equilibrium, 
sulfur  dioxide  and  water,  j86;  and 
iodic  acid,  277 
Sun:    composition  of,   790;    source  of 

energy,  374 
Supercooliqy,  106 
SuperpboKphate,  160 
Surface,  increase  with  subdivision,  717 
SuBpencions,  120;  laws  governing,  707 
SuBpenaoida,  735,  747;   of  commercial 
importance,   750;    influence   of   the 
charge  on  stability  of,  740 
Symbol  weighti:  accuracy  of,  2Z2;  bow 
found,  214,  3iS;   oxygen  basts,  iij; 
product  of,  and  specific  heat,  319 
Symbols:  chemical,  61;     '  "      '   '      ~ 

weighls,  66 
SynthesiB,  31;  organic,  696,  O93 
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Tannin,  used  in  making  red  gold  solu- 
tions, 746 

Tantalnm,  835 

Tantiron,  804 

Tartar  emetic,  811 

Tartaric  add,  665 

Tellurium  and  its  compounds,  815,  836, 
848 

Temperature:  absolute,  6;  critical, 
7 75 J  effect  of  change  of,  on  equi- 
Ubniun,  288;  effect  of  change  of,  on 
gases,  5;  effect  of  change  of,  on  solu- 
bility, 134,  288 

Tetramethyl  silico-methane,  805 

Tetrathionic  add,  628 

Thermal  Unit,  British,  358 

Thermite,  330, 925 

Thermometer:  centigrade,  6;  gas,  6 

Thermos  bottles,  777 

Thiocyanate  (sulfocyanate),  665;  and 
ferric  chloride,  280,  415 

Thomas-Gilchrist  process,  892 

Thorium:  and  its  active  products,  870; 
and  its  compounds,  820;  in  monazite, 
820;  place  in  Periodic  Table,  834; 
properties,  etc.,  834 

Thorium  oiide,   use   in  gas   mantles, 

301 
Thorium  X,  870 

Tin:    and  its  compounds,   809,   834; 

amalgam,    foil,    plate,    ware,    809; 

place  in  Periodic  Table,  834 
Titanium,  834 

Titration,  137;  indicators  for,  440 
T.N.T.,  673,  693 
Transition  point,  600 
Transmutation  of  elements,  851 
Trimethyl  amine,  59,  658 
Tri  nitro  phenol,  673,  693 
Tri  nitro  toluene,  673,  693 
Tripoli,  806 
Trithionic  add,  628 
Tungsten:    and  its  comi^unds,   814, 

836;   use  in  incandescent  filaments, 

814 
Turkey  red,  698 
Turpentine,  248 
Tuyere,  886 
Tw.    5««Twadell 

Twadell,  scale  of  specific  gravity,  618 
Tyndall,  J.,  748;  effect,  748 
^p«  metal,  81  z 

Ultnunicroscope,  703,  706 
Unit  Tolume,  the  chemical,  65 
UniTalent,  146 
Unsaturated  compounds,  527,  663 


Uranium:     parent    of    radium,    867; 

properties    and    compounds,     836; 

series,  868 
Uranyl  nitrate,  836 
Urea,  659;  synthesis  of,  696 

Valence,  146;  atoms  and  radicals,  183; 
change  of,  in.oxidation  and  reduction, 
33i"36;  electrical  nature  of,  484, 
880;  and  Periodic  Table,  850;  posi- 
tive and  negative,  840;  of  radicals, 
147;  and  the  structure  of  inorganic 
molecules,  839;   table  of,  183 

Valeric  acid,  680 

Vanadium,  835 

Vanilla,  697  - 

Vanillin,  697  ''    > 

Van't  Hoff,  715,  719 

Vapor,  equilibrium  with  liquid,  201 

Vapor  pressure:  correction  of  volume 
of  gas  for.  114;  of  hydrates,  131; 
liquids  and  solids,  114;  lowering  of, 
by  dissolved  substance,  129;  theory 
of,  200;  of  water,  112 

Varnish,  drying  of,  364 

Vaseline,  643 

Velocity  of  reactions,  275 

Vinegar,  157;  cider,  653;  plant,  653 

Vitamines,  689 

Vitriol:  blue,  497;  oil  of,  619 

Volt,  499 

Volume,  atomic,  823 

Warfare,  materials  for,  chemical,  695 

Water:  adsorption  by  glass,  730;  com- 
position of,  36;  distilled,  23;  elec- 
trolysb  of,  27,  295;  formation  of, 
139;  formula  of,  70;  hard,  156,  803; 
ionization  of,  420;  a  product  of 
combustion,  20;  prop>erties,  108-12; 
reactions  of,  140;  and  sodium,  40; 
synthesis  of,  37;  vapor,  in  air,  766; 
vapor  pressure,  112 

Water  glass,  808 

Water  soluble  B,  689 

Weight,  equivalent,  403 

Weights:  atomic,  800  (see  also  inside 
of  back  cover) ;  law  of  minimum  and 
multiple,  64,  212;  minimum  of  ele- 
ments, 63;  minimum  and  symbols, 
66;  symbol  and  formula  weights,  74 

Whetstone,  806 

White  lead,  913 

Willemite,  807, 915;  phosphorescent.  861 

Winkler,  845 

Wintergreen,  oil  of,  697 

Wtthler,  696 

WoUaston,  790 
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WoUastonite,  807 
Wood  alcohol,  645 
Wood's  metal,  812 
Work,  368 
WtUframite,  814 

Xenon:  discovery  and  properties,  798; 

and  family,  825 
X-raya,476;  and  crystal  structure,  204, 

879;  spectra,  877 
Xylene,  668 

Teast,  640 


Zinc:  and  concentrated  sulfuric  acid, 
622;  and  dilute  sulfuric  acid,  149; 
electrolytic,  918;  and  hydrochloric 
add,  149;  metallurgy  of,  916-18; 
and  nitric  add,  561 ;  place  in  Periodic 
Table,  832;  production,  881,  915; 
properties  and  use,  148,  919;  chlo- 
ride, 148;  nitrate,  148;  ozide,  148, 
919;  sulfate,  148;  sulfide,  919;  and 
alpha  ra3rs,  859;  predpitation  from 
solution,  452 

Zirconium,  and  compounds,  834 

Zsigmondy,  706 
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PERIODIC  TABLE  ACCORDING  TO  ATOMIC  NUMBERS,  H:x 
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Ca 

9X 

Sc 
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as 
Mn 

26    27    28 
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3 

Cu,         Zn 
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Ge 
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^Se 
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42 

Mo 
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44  45  46 
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4 
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'*Sb 

Te 
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£1 

g 
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62 
Sa 

Eu 

^ 
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66 
Dy 

67 
Ho 

68 
Er 
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69 
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74 
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79 
Au 

80 
Hg 
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Ra 
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INTERNATIONAL  ATOMIC  WEIGHTS,  1917 
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Aluminum 
Antimony 
Argon 
Arsenic .... 

Barium 

Beryllium. . 
Bismuth. . . 

Boron 

Bromine.. . . 
Cadmium. . 

Caesium 

Calcium. . . . 

Carbon 

Cerium 

Chlorine.. .. 
Chromium. . 

Cobalt 

Columbium. 

Copper *. 

Dysprosium 
Erbmm .... 
Europium . . 
Fluorine. . . 
Gadolinium. 

Gallium 

Germanium. 

Gold 

Helium 

Holmium. . . 
Hydrogen. . 

Indium 

Iodine 

Iridium .... 

Iron 

Krypton.. . . 

Lead 

IJthium 

Lutecium 

Magnesium j 

Manganese • 

Mercury • 


Ekment 


As 

I^t 

Be 

Bi 

B 

Br 

Cd 

Cs 

Ca 

C 

Cc 

CI 

Cr 

Co 

Cb 

Cu 

Dy 

Er 

Eu 

F 

Gd 

Ga 

Ge 

Au 

He 

Ho 

H 

In 

I 

Ir 

Fe 

Kr 

U 

Pb 

Li 

Lu 

Mg 

Mn 

Hg 


^  47 .  X         Molybdenum . . . . 

\2'j .  ■*         Neodymium 

,0  H8    jj  Neon. 


137  37 

9.1 

208.0 

XI. o 

79.92 

112.40 
132 -Sx 

40.07 

12.005 

140.25 

52.0 

58.97 

931 

63.57 
162.5 

167.7 

152.0 

19. o 

IS7  3 

69  9 

72.5 
197.2 

4.00 

163.5 

1.008 
114. 8 
126.92 

193.  X 

55.84 
82.92 

139.0 

207.20 

6.94 

175.0 

24.32 

54  93 
200.6 


'^^on  (radium 
^jgiati9n) . . . 

NitrofTeu ..".'. 
Osmium 


03nrgen 

Palladium 

Phosphorus 

Platinum 

Potassium..  ^... 
Praseodymium. . 

Radium 

Rhodium 

Rubidium 

Ruthenium 

Samarium 

Scandium 

Selenium 

Silicon 

Silver 

Sodium ' . . . 

Strontium .  .^ . . . 

Sulfur T' 

Tantalum 

Tellurium 

Terbium 

ThaUhim 

Thorium , 

Thulium , 

Tm.... 

Titanium 

Tun^^iten 

Uranium 

Vanadium , 

Xenon 

Ytterbium 

Yttrium 

2^ .• 

Zirconium , 


Mo 
Nd 

Ne 
Ni 

Nt 

N 

O   ' 

Pd 

P 

Pt 

K 

Pr 

Ra 

Rh 

Rb 

Ru 

Sa 

Sc 

Se 

Si 

Ag 

Na 

Sr 

S 

Ta 

Te 

Tb 

Tl 

Th 

Tm 

Sn 

Ti 

W 

U 

V     . 

Xe 

Yb 

Yt 

Zn 

Zr 


Atomio 
Wdslit 

96.0 

X44.3 
90. 2 

58.68 

222.4 
14.  OX 
XQ0.9 

1O6.7 

3T.O4 

195.2 
39.10 

140.9 
226.0 

XO2.9 

85  45 
101.7 

150.4 
44.1 
79.2 
28.3 

X07.88 
33.00 

87.63 
32.06 

181. 5 

127.5 

159.2 
204.0 
232.4 
X68.5 
1x8.7 

48.x 
184.0 
238.2 

51.0 
130. 3 

X73.5 
88.7 

65  37 
90  6 
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